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Of the most iconic fish species in the world, the Atlantic cod (Gadus morhua, hereafter, 
cod) has been a mainstay in the North Atlantic for centuries. While many global fish stocks have 
received increased pressure with the advent of new, more efficient fishing technology in the mid-
20th century, exceptional pressure has been placed on this prized gadoid. Bycatch, or the 
unintended catch of organisms, is one of the biggest global fisheries issues. Directly resulting 
from the failed recovery of cod in the GoM, attention has been placed as to possible sources of 
unaccounted catch. Among the most prominent is that of the GoM American lobster (Homarus 
americanus) trap fishery. My dissertation research contributes to solving these problems by 
making progress in five areas: Evaluating cod discard survivability, characterizing lobster effort, 
estimating cod bycatch, incorporating various bycatch scenarios into the current stock 
assessment framework, and providing an in-depth policy analysis for management to move 
  
 
forward. This dissertation proceeds as follows: Chapter 1 will briefly introduce regional fishing 
history, and the study species. Chapter 2 a will provide a preliminary habitat analysis and field 
project with the object of understanding when and where cod are caught as bycatch, and their 
subsequent survivability post-release.  Chapter 3 develops a quasi-stationary bootstrapped 
Generalized Additive Model method to estimate Maine’s effective lobster effort spanning 2006-
2013. Chapter 4 builds on the same methodologies to estimate Atlantic cod bycatch rates on the 
congruent spatiotemporal scale, then incorporates uncertainties from both lobster effort and 
bycatch rates to estimate spatiotemporal cod bycatch. Chapter 5 uses estimates from the previous 
chapter alongside available federal cod data to estimate historic age-structure and magnitude of 
cod bycatch from 1982-2016. Then, multiple scenarios are evaluated in the current assessment 
framework and I report on updated assessment model diagnostics and a novel approach to 
retrospective analysis. Chapter 6 will conclude with a detailed policy analysis of the state of 
fisheries in the GoM, and how cod bycatch from the lobster fishery may be equitably 
incorporated as to ensure productive fisheries across groundfish and lobster sectors while 
minimizing conflicts.  
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1. DYNAMIC TECHNICAL INTERACTIONS OF ATLANTIC COD AND 
AMERICAN LOBSTER FISHERIES IN A CHANGING GULF OF MAINE 
As one of the most iconic fish species in the world, Atlantic cod (Gadus morhua, 
hereafter, cod) has been a mainstay in the North Atlantic for millennia (Serchuk and Wigley 
1992, Steneck 1997, Jackson et al. 2001, Mayo and Cole 2006, Bourque et al. 2008). 
Archaeological data suggest that catch and local depletion of cod extends back to the mid-archaic 
period (Steneck 1997, Spiess and Lewis 2001, Bourque et al. 2008), at least 4500 years. 
Notwithstanding, western colonists documented plentiful GoM cod stocks as far as the 17th 
century (Rosier 1605, Steneck 1997). 
“While we were at shore, our men aboord with a few hooks 
got aboue thirty great Cods and Hadocks, which gaue vs a 
taste of the great plenty of fish which we found afterward 
wheresoeuer we went vpon the coast” 
-James Rosier describing fishing north of Monhegan Island, 1605 
 Particularly prized for its white flaky flesh and ease of preservation, the quest for cod 
shifted from a local food source to a global commodity and cause for conflict (Kurlansky 1998, 
Ingimundarson 2003). Progressively sophisticated gear technology and increasing effort from the 
late 19th century through in the 1940’s caused the GoM stocks to be considered ‘depleted’ as far 
back as 1949 (Platt 1996, Steneck 1997) (Figure 1.1). Since, intermittent strong recruitment 
classes caused oscillating landings until the stock collapsed in the early 1990’s. From 1991-2016, 
GoM cod landings have plummeted by 97.1% (Palmer 2017). Currently, the Gulf of Maine stock 
is at or near all-time low abundance (Palmer 2017). Arguments ranging from overfishing (Rose 
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and Kulka 1999, Rose et al. 2001) to poorly understood stock structure (Ames 2004, Cao et al. 
2014, Churchill et al. 2016, Palmer 2016, Li et al. 2018), ecological change (Steneck and Wahle 
2013), and ocean warming (Drinkwater 2005, Fogarty et al. 2008, Pershing et al. 2013, 2015) 
have been put forward to help explain the decline and subsequent failure of recovery efforts.  
 
Figure 1.1. Historical (1950-2016) Gulf of Maine Atlantic cod landings. Catches (retrieved from 
(https://www.nefsc.noaa.gov/sos/spsyn/pg/cod/, 1893-2005) and (Palmer 2017),(2005-2016) 
have oscillated since the 1890’s but are currently at time series lows. 
The science of fisheries stock assessment relies on multiple sources of information 
including that of fisheries catch and surveys. Data are typically fed into models with pre-
specified growth or recruitment dynamics (Hilborn and Walters 1992) that in turn, reveal 
underlying stock health. Ideally, model output allows experts to project age or size structure of a 
population, thereby facilitating informed decisions that lead to long-term sustainable yields. Of 
primary importance to successful functioning of this system is data quality. If for example, the 
 3 
 
survey design produces an unrepresentative picture of the stock, or catch data is incomplete, 
model outputs may produce biased results that lead to sub-optimal fishing practices (Hilborn and 
Walters 1992, Hutchings and Myers 1994, Hutchings 1996, Hilborn and Litzinger 2009, Thorson 
et al. 2015, Rudd and Branch 2017). One of the main contributors to incomplete catch data is 
fisheries bycatch.   
Bycatch, or the unintended catch of organisms, is one of the biggest global fisheries 
issues (Kelleher 2005, Davies et al. 2009, FAO 2012, Zeller et al. 2017). While fishermen1 
surely try to catch their quarry, it may not be possible to make gear selective enough to avoid 
other species that may occupy the same space. Contributing to the problem, bycatch is often 
illegal to sell or is sufficiently unprofitable and discarded to sea, often dead or dying. 
Additionally, in fisheries with catch limits there may incentives (e.g., profit) for fishermen to 
keep larger individuals (usually of the same species), and discard the rest, a practice termed 
“high-grading”. Costs of collecting representative catch sampling data (e.g., via fisheries 
observers) are prohibitively high in many fisheries. Records of such instances are data-poor, thus 
this human-induced mortality often goes unrecorded. Because of this, uncertainty of bycatch and 
discard estimates is large, particularly in small scale or developing fisheries. Globally, bycatch 
are estimated to be responsible for 10-20% of total catch (Zeller et al. 2017), but are omitted 
from United Nations reports (FAO 2016).  
Despite the differences of opinion in the cause for the collapse of GoM cod, the current 
stock assessment model has not reliably tracked cod abundance in recent years. Specifically, 
current model diagnostics suggest high model sensitivity to input mortality. When the same 
                                                 
1 It is conventional in the Maine lobster industry for women to call themselves “lobstermen”, or “fishermen.” In 
efforts of keeping within the regional culture, this terminology will be used throughout this dissertation with all due 
respect to dissenting opinion. 
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model is fit with different, but overlapping years of data (e.g., series such as 1982-2014, 1982-
2015, and 1982-2016), outputs for overlapping years vary considerably. A common fisheries 
diagnostic referred to as a “retrospective analysis”, measures how models perform when 
systematically fewer years (typically 5-7) of data are included (Mohn 1999, Deroba 2014, Miller 
and Legault 2017). Uniformed models are not expected to fit the full times series perfectly, but 
ideally do not have tendencies above or below the fully-informed model. Such tendencies 
suggest various problems including poor model specification, changes in stock dynamics, data 
quantity, or data quality (Mohn 1999, Brooks et al. 2016, Punt et al. 2018).  
Because of the failed recovery of cod in the GoM and the poor modelling prediction, 
attention has focused on possible sources of unaccounted catch. Among the most prominent is 
that from the GoM American lobster trap fishery. Cod bycatch and at sea discarding is known to 
occur (and lobstermen are not permitted to sell cod), but due to the data-poor nature of the 
fishery, no published estimate of this bycatch or its subsequent discard mortality exists. 
Consequently, no estimate is included in the current GoM cod stock assessment. It is unclear 
what extent the incorporation of this ‘missing catch’ from the lobster fishery may have on model 
diagnostics and prospects of stock recovery.    
Though only about 350 kilometers longitudinally, the Maine coast is comprised of many 
peninsulas and islands that total 5597 km of shoreline, third longest in the contiguous United 
States. The Maine American lobster (Homarus americanus) fishery spans from the coastal 
southern tip of the state to the Canadian border. Small provincial fishing towns dot nearly the 
entire expanse of shoreline. In the summer and fall, most lobster fishery effort is focused inshore, 
but later follows lobster migration seaward. Nearly 25% of lobstermen hold federal permits 
which allow trips offshore to 13.75 km beyond state jurisdiction (5.56 km) (McCarron, P., 
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Tetreault 2012). This historic and artisanal fishery now accounts for over 83% of the U.S lobster 
landings and in 2016 generated in excess of 530 million dollars (ex-vessel-value). Lobster is 
Maine’s most valuable export, and from 2014-2016, was the most valuable fishery in the United 
States (National Oceanic and Atmospheric Administration 2017).  
My dissertation research is advancing knowledge in five areas: i) characterizing cod 
discard survivability, ii) characterizing lobster fishery effort, iii) estimating cod bycatch in the 
lobster fishery, iv) incorporating various cod bycatch scenarios into stock assessment, and v) 
providing an in-depth policy analysis for management to inform managers. 
Furthermore, this dissertation makes the following contributions by introducing novel 
analyses with wide applicability to fisheries with reliance on fishery-dependent data. Notably, 
the methods developed in this dissertation overcome previous statistical hurdles associated with 
the non-random sampling of the fishery. Chapter 2 characterizes spatiotemporal lobster effort, a 
conspicuous deficit in the management of the nation’s most valuable fishery. As lobster bait is 
the primary use of forage fish harvest in the region (particularly Atlantic herring ,Clupea 
harengus, Atlantic menhaden, Brevoortia tyrannus, and alewife, Alosa pseudoharengus), 
spatiotemporal lobster fishing effort (and by extension, bait use) is a valuable contribution to 
inform management strategies of small pelagic fish and other bycaught species in the region.  
As outlined above, estimation of cod bycatch and discard survivability has immediate 
implications in terms of catch accounting, and rebuilding plans in New England. The 
incorporation of variable estimates of bycatch into the current stock assessment will improve 
model diagnostics and will resolve the picture of cod removals. The time series retrospective 
analysis, “moving window rho” in the penultimate chapter is novel to stock assessment. I suggest 
this retrospective analysis will be extraordinarily useful in other fisheries that have had similar 
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issues as the cod fishery. Together, these novel contributions advance the understanding of 
population dynamic modelling and ecological state changes in a wide variety of stocks, both in 
the U.S and abroad.  
This dissertation will proceed as follows, Chapter 2 a will provide a preliminary habitat 
analysis and field project to characterize when and where cod are caught as bycatch, and their 
subsequent survivability post-release. Chapter 3 develops a novel method to estimate Maine’s 
effective lobster effort spanning 2006-2013. Chapter 4 builds on the same methodologies to 
estimate cod bycatch rates on the congruent spatiotemporal scale, then incorporates uncertainties 
from both lobster effort and bycatch rates to estimate cod discards. Chapter 5 uses estimates from 
chapter 4 alongside available federal cod data to estimate historic age-structure and magnitude of 
cod bycatch from 1982-2016. Then, multiple bycatch scenarios are evaluated in the current 
assessment framework and I report updated assessment model diagnostics and a novel approach 
to conduct retrospective analysis. Chapter 6 concludes with a detailed policy analysis of the state 
of fisheries in the GoM, and suggests how cod bycatch from the lobster fishery may be equitably 
incorporated to ensure productive fisheries across groundfish and lobster sectors while 
minimizing conflicts.  
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2. SURVIVABILITY OF ATLANTIC COD (GADUS MORHUA) BYCATCH IN THE 
MAINE AMERICAN LOBSTER (HOMARUS AMERICANUS) FISHERY 
CHAPTER ABSTRACT 
Atlantic cod (Gadus morhua) have been exploited in New England for centuries but due 
to a suite of factors including overfishing, populations are heavily depleted and have been slow 
to recover since the early 1990s. Significant unaccounted bycatch from the regional American 
lobster (Homarus americanus) fishery may be an important missing piece in the current 
management regime. Currently, all cod caught in the lobster fishery are required to be discarded. 
To date there have been no reliable estimates of cod bycatch and survival rates for discards are 
unknown. We use Maine state sea sampling data from 2006-2013 to elucidate spatiotemporal cod 
bycatch dynamics and provide insight into seasonal habitat dynamics using habitat suitability 
index models. Discard survivability following two release methods (trap recompression and 
surface release) was evaluated with a joint study of fishermen logbook and at-sea observer trials. 
This study found that dynamics of cod bycatch are not constant through space and time. 
Additionally, fieldwork results suggest that bycatch survival rates are potentially high, and 
should be further explored in a longer-term field study. Of the observed cod in the field, 88% 
reached the surface alive, and of those, 92% could immediately descend following surface 
release. We found that cod exhibited spatiotemporally varied bycatch rates and habitat 
preference, consistent with what is known about population dynamics and patterns of effort in 
the lobster fishery. 
 
INTRODUCTION 
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Atlantic Cod (Gadus morhua) are a historically important gadoid groundfish species 
ranging from North Carolina, USA to Greenland. Although cod have been caught long before, 
well documented commercial fishing in the Gulf of Maine (GoM) extends to the beginning of the 
17th century (Serchuk and Wigley 1992, Steneck 1997). The USA assesses and manages two cod 
stocks, GoM and Georges Bank (Haedrich 2003; NMFS 2004). The GoM cod stock has been 
defined as “overfished” in the most recent stock assessment (Palmer 2017), and the abundance of 
the GoM cod stock has been low for several years. Given the importance of inshore coastal areas 
in the GoM as nursery and spawning grounds for cod (Collette 2002, Ames 2004) and known 
large magnitude of baited traps in the lobster fishery on the same ground (Boenish and Chen 
2018a), spatio-temporal overlap between the lobster fishery and cod population is substantial. 
Further, physiological consequences from the rapid decompression of cod after ascent in a 
lobster trap have not been studied. The data collected in the Maine Department of Marine 
Resources (DMR) lobster sea sampling program suggest that cod are caught as bycatch in lobster 
traps. However, the spatio-temporal distribution of cod bycatch and subsequent survivability 
after being discarded is poorly understood. There are no reliable estimates of cod discarded in the 
lobster fishery, and as a result bycatch (and mortality) in the lobster trap fishery has not been 
included in the current stock assessment. Unaccounted bycatch likely contributes to the recent 
bias in the estimation of cod stock abundance.   
Cod are physoclistous species, meaning their swim bladders are not connected to their 
gastrointestinal system. Thus, cod are not capable of physically taking in or air to change their 
buoyancy. Rather these fish rely on gas glands to change the volume of air in their swim bladder. 
This process is relatively slow, potentially taking on the order of many minutes to hours (Evans 
and Damant 1928, Pelster and Scheid 1992, Ferter et al. 2015a, 2015b). As cod rapidly ascend 
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inside a lobster trap, gas inside their swim bladders expands consistent with Boyle’s law (West 
1999). This can create symptoms analogous to a SCUBA diver getting decompression illness 
(the bends and/or gas air embolisms). These “barotraumas” can range in severity from mild 
effects to death (Parker et al. 2006). Common symptoms of barotrauma include subcutaneous 
skin bubbles, exophthalmia, and eversion of the stomach or anus. Sublethal effects of barotrauma 
including neurological and reproductive problems may not be visibly present (Campbell et al. 
2010a). Impaired fish may remain positively buoyant at the surface for extended periods of time 
and are susceptible to predation from birds and seals (Condie et al. 2014). Given the large 
magnitude of traps in the GoM lobster fishery, the impacts of cod bycatch in the lobster fishery 
on cod population dynamics may be significant. A key impediment to characterizing this 
influence is the rate of mortality incurred by discarded cod.  
The overall objectives of this study are i) estimate spatiotemporal bycatch distribution  
and habitat suitability in the lobster fishery, ii) and evaluate two handling methods to improve 
survivability of bycaught cod in the Maine lobster trap fishery. We conducted the distributional 
portion of our study using data collected in the Maine DMR sea sampling program (2006-2013). 
Short-term survivability of bycatch was evaluated with logbooks and fieldwork in an industry-
cooperative study. Finally, working with industry, a ‘best practices’ handling protocol was 
developed.  
METHODS 
Study area 
Data from the Maine DMR Sea Sampling lobster survey traphauls from 2006-2014 (n= 
336,431 trap hauls) were used to identify the times and areas where cod are likely to be caught as 
bycatch. Due to confidentiality constraints, data were pooled into 5-minute squares (decimal 
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degrees, ~11 km) for further analysis. Then, each square was used as a sample unit for 
calculation of bycatch rates. Analyses were done using ArcGIS (Environmental Systems 
Resource Institute 2012) and R (R Core team 2015).  
Bycatch rates 
Using 5-minute squares as the operational spatial resolution, sea sampling data were 
evaluated for cod and lobster distribution over multiple temporal scales (monthly, annual, and 
multi-year). The Maine DMR dictated that any square with fewer than three trips was to be 
removed from the visualizations due to fishermen confidentiality agreements. For each 
remaining square, we calculated the number of cod per trap, hereby denoted as nominal catch per 
unit effort (CPUE, individual trap haul). 
Cod habitat suitability indices (HSIs)  
Seasonal habitat suitability indices (US Fish and Wildlife Service 1981) were constructed 
for over the full extent of the sea sampling dataset. Four classes of habitat variables (depth 
(DMR sea sampling), bottom temperature (Chen et al. 2006), bottom salinity (Chen et al. 2006), 
and sediment type (Poppe et al. 2014) were evaluated for each seasonal subset. First, we 
separated subsets based on Fisher natural breaks (Fisher 1958) (n=5) for all variables except 
sediment. This method minimizes intra-group variance, while maximizing inter-group variance. 
Cod bycatch CPUE (per trap haul) was calculated for each habitat variable-season break. 
Suitability indices (SIs) were calculated as follows: 
 
 
 
𝑆𝐼 =
𝑌−𝑌𝑚𝑖𝑛
𝑌𝑚𝑎𝑥 − 𝑌𝑚𝑖𝑛 
,                         (1.1) 
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Where Y is the break CPUE, and Ymin and Ymax are the minimum and maximum breaks. This 
process designates the breaks with the highest CPUE as optimal habitat (1) and the lowest (0) as 
poorest (Tian et al. 2009, Tanaka and Chen 2016).  SIs for each habitat variable were then 
combined in two ways to generate season-specific HSIs: 
Arithmetic mean model (AMM) (Chen et al. 2010) 
 
𝐻𝑆𝐼 =
1
𝑛
∑ 𝑆𝐼𝑖
𝑛
𝑖=1 , and                                                                                                                (1.2) 
 
Geometric mean model (GMM) (Chen et al. 2010) 
 
𝐻𝑆𝐼 =  (∏ 𝑆𝐼𝑖
𝑛
𝑖=1 )
1
𝑛 ,                                                                                (1.3) 
 
where SIi is the suitability index of the ith environmental variable. 
 
 
Spatial analysis 
 
As HSIs do not directly model cod abundance, but more investigate times and places 
where cod bycatch is more likely to occur, explicit spatial analysis was used to evaluate times 
and places where cod bycatch HSIs were highest.  Seasons were divided up as follows: months 
1-3 (Spring), 4-6 (Summer), 7-9 (Fall), 10-12 (Winter). HSI’s (both AMM and GMM) were fit 
for each Sea Sampling survey data point (n=336,431), and interpolated with ordinary krigging 
with the program ArcGIS 10.1 (ESRI 2012). Based on preliminary analysis, a spherical 
semivariogram model, with a 12-point variable search radius (maximum search radius 0.1 
decimal degree) was used for each season. 
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Logbooks (observers and fishermen) 
An approach incorporating fieldwork and collaboration with industry was used to assess 
survivability, physiological condition, location and habitat of cod bycatch. We worked with a 
total of 15 lobster harvesters to collect data both onboard commercial lobster vessels and via 
fishermen’s logbooks (without observers). Individual lobstermen agreed to opportunistically take 
an observer for sampling trips (1-3 days). On observer trips, occurrence and habitat 
characteristics of cod bycatch was recorded in a log. Then, individual cod were evaluated and 
selected for an experimental treatment. Captains were contracted to fill out a bycatch logbook 
provided to them (Table A.2.) to collect data when and where cod were caught. Logbooks 
between the fishermen and observers overlapped considerably to allow direct comparison and 
‘ground truthing’ between datasets.  
Categories of data collected were largely determined from a pilot cusk (Brosme brosme) 
bycatch project in the GoM (Chen and Runnebaum 2014), modified to account for the addition 
of cod. Cod caught as bycatch by participating fishermen were evaluated by either observer (if 
on board at time of capture), or fishermen. Categorical data collected by fishermen included date, 
latitude, longitude, bottom type (hard, gravel, mud), depth, bait type(s), bycatch species, fish 
condition, tag number, number of traps hauled on trip, time bycatch is at surface, days between 
hauls, and signs between hauls (bits, alive, gone). Observer data included the above with the 
addition of mass (±0.1 kg), total length (cm), surface temperature (Cᵒ), and air temperature (Cᵒ). 
 
Fish condition evaluation 
In addition to recording logbook data, a reflex action mortality predictor (RAMP) 
approach (Davis 2007, 2010) was employed. This approach is widely used for rapid assessment 
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of neurological impairment for physoclistous fishes and some invertebrates. We selected five 
variables (Campbell et al. 2010b, Davis 2010, Yochum et al. 2015) to evaluate neurological 
impairment of cod. The analysis included operculum breathing, mouth movement, body flex, gag 
response, and ocular response. The RAMP assessment was performed on cod after the logbook 
data were collected. 
Recompression 
Initially, cod were evaluated at the surface, then placed and descended in lobster traps 
with the hopes rapid recompression would alleviate any barotraumas and facilitate escape. Video 
monitoring of cod caught in lobster traps was used to evaluate short-term survival and potential 
escape after recompression. Individual fish were evaluated for external signs of barotrauma then 
returned to an unbaited trap mounted with video monitoring equipment to assess behavior and 
ability to escape. For this, we used GoPro cameras and a LED autonomous dive light in deep 
water housings (Hero3/4, CamDo. Inc.). We collected total length and mass measurements, 
followed by a photograph and tag (FD-67F T-bar tag, Floy Tag Inc.) for identification purposes 
before evaluation of trauma type. Cod were placed in the front part of the trap (closest to the 
escape hole) and then descended in approximately the position of initial capture. Recompression 
was done with a single trap, as opposed to a trap string (if on a string, then on the end trap so 
rates of compression/ decompression were consistent). As an index to initial survival, traps were 
re-hauled later the same day to record presence/ absence of cod and to retrieve video equipment. 
Long-term survival rates cannot be measured this way, but knowing whether cod experience 
reduction of symptoms and swim out of the traps was used to answer the feasibility question of 
this method on an industry scale. Additionally, videos were used to evaluate behavior over the 
period of recompression and recovery. 
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Surface release 
After a short time and conversation with lobstermen, it was decided to amend protocol to 
additionally test surface release. For this, fish were evaluated using the recompression and 
RAMP protocols, then gently dropped head first into the water from the side of the boat (~0.5 m 
from surface). Care was taken to use only the necessary grip need to maintain hold of the cod 
before release, avoiding the operculum. Behavior after surface release was recorded as 1. Swam 
straight down, 2. Delayed decent, 3. Floated at surface. Z-tests were used to compare proportion 
of response. 
 
RESULTS 
Observer/ logbook analysis 
From 2014- 2017, a total of 138 cod were reported by four fishermen and two observers 
from approximately 15,038 trap hauls. This produced a nominal CPUE of 9.18 x 10-3 cod/ 
traphaul, suggesting cod bycatch is infrequent. Significantly lower catch rates (on trips with 
positive cod catches) were reported by fishermen compared to observers. (p<0.01, z-test). Due to 
sampling limitations, and only the counting of logbook days with positive cod catches, the 
sample may not be representative of the entire fishery. Fishermen logbooks recorded cod 
between depths of 3.1 and 128 m, while observer data covered depths of 7.3 -67.7 fathoms. Only 
one mortality (~1%) was found in any fishermen log. In total, 33 cod were recorded by 
observers, of which 88% were alive upon first haul. Of the cod released at the surface by 
fishermen, 100% (n=34) were reported as immediately swimming down. Observer data were 
similar (n=24), 92% swam down, while the remaining 8% floated.  
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Figure 2.1. Cod initial mortality at surface. Groups were statistically significant (p<0.01, z-test), 
but suggest that most cod caught in lobster traps are initially brought to the surface alive. 
 
Figure 2.2. Cod swimming proficiencies at surface. “Floated” refers to a fish’s inability to 
achieve negative buoyancy immediately after release. 
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Cod tended to experience very low incidence of externally visible barotrauma. Bug eyes 
(exophthalmia) was seen in 3% and 4% of observer and fishermen cod, respectively. Stomach 
eversion was present in 3% and 2% of observer and fishermen cod, respectively. Other common 
signs of barotrauma (skin bubbles, inverted anus) were not seen for any cod. As the vast majority 
of individuals appeared to have no external signs of barotrauma, we found RAMP scores to be 
high (5/5) ( Due to the lack of contrast in evaluations, output from the RAMP approach was 
uninformative).  
We evaluated the influence of bait type on bycatch rates. Because ~20% of trap hauls 
were reported to have some mix of hide, groundfish carcasses, alewife (Alosa pseudoharengus), 
herring (Clupea harengus), or menhaden (Brevoortia tyrannus), we categorized bait data into 
four bins: Mixed, Alewife, Herring (fresh), and Herring (salted). Small pelagic fish had higher 
catch rates than mixed bait, which included, groundfish racks, skinless beef hide, and flounder.  
While salted herring caught the most cod, fresh herring had the highest catch rate (1.51 x 10-2). 
Salted herring and alewife had similar CPUE’s (1.33 x 10-2 and 1.31 x 10-2, respectively), while 
mix bait was lower (5.9 x 10-3) (Figure 2.3). Evidence of different catch rates on different bait 
types suggest olfactory cues may be primary drivers of cod entering lobster traps.   
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Figure 2.3. Overall bycatch frequency (sample size) and catch per trap haul by bait type (A= 
alewife, H/F = herring (fresh), H/S = herring (salted), and mix= mixed baits. Bait was considered 
mixed if >1 type of bait was present.  
Overall, most cod were caught in traps between 5 and 60 m, but there was a notable 
proportion > 110 m. Interestingly, no cod were caught between 70 and 100 m. The highest cod 
catch rates coincided with rocky or gravel substrates. Out of the four substrates with positive 
catches, the fewest cod were found on mixed or muddy substrates (Figure 2.4).  
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Figure 2.4. Overall cod bycatch frequency by depth and bottom type (G = Gravel, H = Hard 
bottom, H,G = Mixed Hard and Gravel, and M=Mud). Hard bottom seemed to be preferred for 
cod, while mixed and muddy bottom had lower catches.  
Recompression videos (GoPro) produced seven high quality time-lapse videos (Figure 
2.5). Cod placed in the front part or ‘kitchen’ of the trap ended up in the back of the trap, or 
‘parlor’ in five of the seven videos. Upon decent, cod were pushed against the top of the trap, 
then violently hit the bottom of the trap when it landed on the bottom. After hitting the bottom 
cod were not immediately responsive. In most cases, cod appeared to be disoriented for a short 
time before trying to swim. In 5/7 trials, it appeared the impact of the trap on the bottom caused 
the cod to be knocked unconscious for a few minutes to over an hour. Throughout this period, 
they remained upright, but were motionless other than maintaining operculum breathing.  
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Although videos do show cod swimming around and even moving from parlor to kitchen, cod 
did not escape the trap in any trial. After evaluating videos, it was decided to employ surface 
release as an alternative measure. Of the cod released at the surface by fishermen, 100% (n=34) 
immediately swam down. Observer data were similar (n=24), 90% swam down, while the 
remaining 10 % floated. 
 
Figure 2.5. Example of recompressed cod swimming through trap approximately 1 hour after 
recovery. 
Habitat and spatial and analysis 
SI’s were computed for each sea sampling trap location using the variables depth, bottom 
salinity, bottom temperature, and sediment (Figures 2.6-2.10, respectively). High spring HSI’s 
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tended to be further from shore than the summer, and were generally similar between AMM and 
GMM methods (Figures A.1 and A.2). Suitable habitat in the summer showed distinct “hotspots” 
(HIS > 0.5) in western Maine and on either side of Penobscot Bay (Figures A.3 and A.4). Fall 
HSIs showed a slightly more inshore pattern and overall fewer areas with a large > 0.7 HSI. 
There was a striking area of low HSI from approximately 67.5ᵒ - 68.5ᵒ W longitude that was 
captured by both the AMM and GMM methods. In the winter, most highly suitable habitat 
tended to be located in the western portion of the state, consistent with known seasonal spawning 
aggregations (Ames 2004). 
We found nominal CPUE to vary across the state by month (Figure A.9). Generally, the lowest 
average bycatch rates occurred in July-September in nearshore coastal areas. Due to fewer data in 
winter months, krigging settings were reduced to 6-point variable search radius with a maximum 
search radius of 0.15 decimal degrees (Figures A.1 – A.8).   
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Figure 2.6. Seasonal salinity SI matrix for Atlantic cod for the years (2006-2013). Darker colors 
correspond to higher SIs. Cod preferred full saline water (> 31.5) year-round. Preferences for the 
winter months differed overall from the relatively consistent annual preference of more saline 
water.  
                
 
 
Figure 2.7. Seasonal depth (m) SI matrix for Atlantic cod for the years (2006-2013). Cod 
preferred shallower depths (< ~40 m) for all seasons except Spring.  
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Figure 2.8. Seasonal temperature (Cᵒ) SI matrix for Atlantic cod for the years (2006-2013). 
Darker color corresponds to higher habitat suitability. Temperature preferences ranged from 4.4 - 
16.1ᵒC. Cod preferred colder water temperatures in the summer and consistently warmer 
temperatures in the remaining seasons.  
 
 
Figure 2.9. Seasonal sediment SI matrix for Atlantic cod for the years (2006-2013). With the 
exception on Fall, cod exhibited tendencies for coarser a sediment preference. This pattern may 
be somewhat indicative of the substrate differences by depth in the inshore GoM. 
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Figure 2.10. Comparison of arithmetic and geometric mean habitat suitability indices for Atlantic 
cod (Gadus morhua) bycatch in the Maine American lobster (Homarus americanus) fishery. 
Analyses are based on 2006-2013 data from the Maine Department of Marine Resources sea 
sampling survey.     
 
DISCUSSION 
Spatiotemporal cod bycatch reflected much of what is known about both the lobster 
fishery and cod dynamics. As the summer and fall lobster fishery tends to be primarily operated 
in nearshore waters, unsurprisingly most bycatch from the sea sampling survey is nearshore and 
CPUEs are very low. During this time, lobster fishery effort is primarily located in the warmer 
inshore waters, while cod are likely concentrated in offshore feeding grounds (Ames 2004, 
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Zemeckis et al. 2014). As lobster migrate offshore in the winter and spring months, more bycatch 
was observed offshore and relative CPUEs were elevated. Interestingly, the highest CPUEs were 
found in the nearshore western GoM in May. Armstrong et al. (2013) documented certain times 
where cod obtain high densities for spawning. Cod are known for the homing to distinct 
historical spawning and feeding aggregation sites (Ames 2004), And our spring bycatch 
locations are consistent with Ames’ work on historical aggregations.  
Unsurprisingly, there was largely agreement between GMM and AMM HSI methods. 
HSIs make many assumptions, most obviously is the inference of habitat quality based on 
presence. That is, if an organism is not sampled in a particular habitat, that habitat is assumed to 
be unsuitable. While this is true in many cases, this type of inference is not necessarily cogent if a 
species is highly mobile. Sparse sampling might further exacerbate uncertainty associated with 
this assumption. It is important to note that while the HSI maps are predicting likely presence of 
cod, but due to derivation from the sea sampling dataset are more precisely modeling the joint 
encounters of lobster effort and cod presence. We acknowledge that cod presence certainly does 
exist outside the spatial extent of the lobster fishery, but due to fishery independent data 
limitations, we turn our focus to examination of these joint encounters.  
In this study, our two approaches make divergent assumptions about what constitutes 
‘suitable habitat’. The GMM approach, being multiplicative, will produce a 0 HSI value if any 
one of the habitat covariates are zero. It was expected that GMM methods will produce a higher 
proportion of least suitable habitat, and this expectation was confirmed in our analysis (Figure 
2.10). We make the additional assumption that sediment, depth, temperature, and salinity all 
contribute equally to what constitutes ‘habitat’. Tanaka & Chen (2016) employed a similar 
modelling scheme, but added post-hoc weighting factors to delineate relative importance of 
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individual SIs. Future work on Atlantic cod habitat in the Gulf of Maine may consider exploring 
such an approach. While a multiplicative approach is not necessarily any less ‘realistic’, species- 
and even population-specific knowledge should be considered prior to analysis or reliance on 
any heuristic model of habitat (e.g., AMM or GMM).  
Data suggest that neurological impairment in cod from 4 to 68 m depth is mild. After the 
initial 24 cod evaluated with the RAMP approach, all received perfect scores (5). This suggests 
that either we employed inappropriate RAMP responses (cannot accurately reflect neurological 
impairment), or physiological symptoms are not present (Mandelman et al. 2013). Further work 
is needed to discern degree (or presence) of impairment. We acknowledge that the vast majority 
of both our observer and logbook data came from the coastal fishery which generally operates at 
shallower depth than federal efforts, but given the average depth of capture was approximately 
40 m, swim bladders would need to expand nearly six times in volume to compensate for the 
reduction in pressure via Boyle’s Law. Regardless, owing that a comparatively high percentage 
of cod display no symptoms of barotrauma, it is almost certain that optimal handling protocols 
should not be trap recompression. Bycaught cod may be experiencing swim bladder rupture on 
ascent (Ferter et al. 2015b), with gas escaping near their anus, but this has not been tested on cod 
from the GoM. 
Broadly, we recommend that cod should be handled and released at the surface as soon as 
possible. Evidence of high descending ability, in conjunction with the relative inability of cod to 
swim out of traps when recompressed suggests that surface release is the best method. We found 
that if lobstermen lightly handle the cod (avoiding squeezing or touching gill strictures) and 
release the cod gently, head down, they are likely to continue descending. Additionally, rough 
handling or squeezing cod may have unintended consequences (may cause internal bleeding 
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and/or organ damage), though these are only suspected as we did not undergo dissections of fish 
that had been released.  
Bycatch is a global fisheries problem (Zeller et al. 2017), and it is largely accepted that 
discard mortality can be quite high (Catchpole et al. 2006, Condie et al. 2014). When treated 
well, a large proportion of bycaught cod had high initial survivability. Unfortunately, the limiting 
factor in our experiment was battery life of the camera. We adjusted camera resolution and 
timing to extend the battery life, but at best, videos only lasted around four hours. It is unclear 
how behavior of cod changes from the time after four hours to the next haul (typically, a 
lobsterman in the spring hauls gear about once per week). Encouragingly, cod that did not escape 
typically displayed the same vital signs as ones which have only been caught once (i.e., they 
appear highly active and do not display significant neurological impairment). 
This study found that dynamics of cod bycatch are not constant through space and time. 
Additionally, our results suggest that bycatch survival rates are potentially high, and should be 
further explored in a longer-term field study. Because our analysis was based on nominal catch 
rates and our field sampling was relatively small, our results may not be representative of the 
entire fishery. Further sampling work and analyses will be needed to more confidently estimate 
full spatiotemporal accounting of bycatch or discard mortality. We posit that outreach and 
building of positive relationships between scientists and industry is essential to have broad 
acceptance of findings, and will be required for successful reduction of fisheries bycatch on a 
broader scale.   
 
 
 27 
 
3. SPATIOTEMPORAL DYNAMICS OF EFFECTIVE FISHING EFFORT IN THE 
AMERICAN LOBSTER (HOMARUS AMERICANUS) FISHERY ALONG THE 
COAST OF MAINE, USA 
CHAPTER ABSTRACT 
Utilization and interpretation of fishery-dependent data such as fishing effort, although 
important in quantifying the dynamics of a fishery, tends to be challenging due to non-random 
sampling and the complexity of quantifying a species’ interaction with complex effects of 
environmental factors. We developed a framework for estimating effective fishing effort from 
fishery-dependent sampling data for the coastal Maine American lobster (Homarus americanus) 
fishery, where a lack of high resolution effort data does not permit sufficient understanding of 
fishery dynamics. This framework incorporates environmental covariates in a bootstrapped two-
stage generalized additive model to standardize lobster catch per unit effort (CPUE) from 2006 to 
2013. Estimated confidence intervals (CIs) of sub-regional standardized CPUE were combined 
with congruent resolution landings data to estimate CIs of effective effort. Characteristic northeast-
southwest differences in catch and effort suggest spatial non-stationarity of biological, temporal, 
and geographic processes in the Maine coastal American lobster fishery. Both effort and landings 
varied seasonally, with the peak of effective effort consistently preceding the peak of landings. 
Effective effort averaged 56 million traps hauls, overall increasing modestly (4.6%) over the time-
series. Contrastingly, over the same period landings increased dramatically (69.6%), suggesting 
assessment of spatiotemporal fishery dynamics may provide important insights for future 
management. The approach developed in this study has utility in situations in which a fishery may 
be data-limited, or with a surplus of fisheries-dependent data.  
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INTRODUCTION 
A comprehensive understanding of the spatio-temporal dynamics of fishing effort can be 
critical for effective fisheries management (Stefansson and Rosenberg, 2005). However, producing 
reliable estimates of fishing effort over time and space remains challenging due to the complex 
interactions between fishing effort and catch rates with many environmental variables, and the 
nonrandom nature of the fishing process. Nominal effort, such as vessel size, vessel power, vessel 
density (Stewart et al. 2010), crew size, number of licenses, and/or VMS data (Mills et al., 2007), 
is commonly measured in a fishery (Hilborn and Walters, 1992). However, nominal effort may not 
necessarily be proportional to the fishing mortality it generates.  In fact, the relationship between 
the nominal effort and fishing mortality is often complex and nonlinear, making its interpretation 
difficult (Maunder and Punt, 2004). Use of nominal effort in the calculation of nominal CPUE in 
monitoring fish population dynamics has been argued to have led to many of the largest fishery 
stock collapses, including Northern cod (Gadus morhua) (Rose and Rowe, 2015) and Peruvian 
anchoveta (Engraulis ringens) (Patterson et al., 1992). Similarly, use of landings data alone as a 
proxy for stock biomass has been widely criticized (Hölker et al., 2007; Jaenike, 2007; Branch, 
2013) after the method led to an extrapolation that world fishery stocks would collapse by 2048 
(Worm et al., 2006). Consequently, common practice in fisheries science is to apply a procedure 
to standardize catch rates to estimate a more reliable index of relative biomass for a stock (Maunder 
and Punt, 2004; McCluskey and Lewison, 2008). 
Traditionally, fishery measurements such as catch per tow or area swept for commercial 
trawl vessels have been standardized by catchability factors such as depth, temperature, or 
substrate to estimate relative abundance (Hilborn and Walters, 1992; Murawski et al., 2005). 
Though these factors may or may not directly influence catchability, they are assumed as proxies 
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for unobtainable or not yet fully-understood mechanisms that govern the interactions between 
species of interest and their environment. For example, depth, which is simple and relatively 
inexpensive to measure, may be a highly significant covariate in a model. Realistically, depth 
probably is not the mechanism that governs species distribution, but may represent less easily 
quantifiable parameters such as food supply/predator limitations, pressure limits, preferred light 
levels, and thermal tolerance. Thus, considerable care and caution must be taken when interpreting 
these relationships and designating causal inference (Palmer, 2016; Pershing, 2016; Pershing et 
al., 2015; Swain, 2016). 
Utilization of fishery-dependent data for estimation of fishery effort presents considerable 
statistical hurdles. In cases when fishery-dependent data from only a subset of a fishery are 
available, the data are not necessarily representative of the fishery and are ipso facto not 
straightforward to interpret. In addition, these data often contain a large proportion of zeros 
(Maunder and Punt 2004) for which many traditional error distributions (e.g., Gaussian, Poisson) 
are not sufficient.  
The American lobster (Homarus americanus) fishery is currently the most valuable wild 
fishery in the United States, and in Maine alone, is valued at over 533 million dollars annually , or 
83% of the state landings by mass (Maine Department of Marine Resources 2017a). The fishery 
extends north from Cape Hatteras, North Carolina, to the Maine-Canada border (Atlantic States 
Marine Fisheries Commission 2015). Despite the social, biological, and economic value of this 
species, there exists a gap in the literature concerning comprehensive knowledge of its catch and 
effort dynamics. It is recognized that the lobster fishery and population center has moved northeast 
(up the coast) in recent decades, likely due to a relaxation of predation (e.g., the concurrent decline 
of Atlantic cod, Gadus morhua stocks (Swain 2016) and an ocean warming trend (Pinsky et al., 
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2013). The majority of the annual catch occurs in the summer and fall months, coinciding with the 
annual migration of lobster into nearshore waters (< 3 nm) in the summer and fall to molt and 
reproduce (Campbell and Stasko, 1986; Chen and Wilson, 2000; Steneck et al., 2013). Most lobster 
catches in Maine result from sublegal lobster newly molted into legal size and thus, is a 
recruitment-driven fishery. For example, 85% of the legal size catch in 2007 was within one molt 
of minimum legal size (Atlantic States Marine Fisheries Commission 2015). 
As lobster catch and abundance is currently at a time series high (Maine Department of 
Marine Resources 2017a), management has become wary of socioeconomic resilience (Henry and 
Johnson, 2015) and consequences associated with the marked risks of potential future decreases 
in biomass (Steneck et al., 2011). Attempts have been made to diversify fishermen’s harvesting 
portfolios in the region to aid in abating an over-reliance on the lobster fishery. Given recent efforts 
to reduce the number of traps fishing in Maine, the Maine Department of Marine Resources (DMR) 
has begun reducing the amount of trap tags sold. Individual zones have adopted ‘exit ratios’, where 
for every trap tag that comes out of circulation, less than one re-enters. Concerns about lack of 
enumeration for latent effort (trap tags bought, but not fished), leads to uncertainty as to how many 
traps hauls occur in the Maine fishery. Additionally, recent attention has focused on the potential 
bycatch of commercially important, but depleted species by the lobster fishery such as Atlantic 
cod and cusk (Brosme brosme). As bycatch is commonly estimated by catch rates or catch ratios, 
estimation of fishery effort (defined here as effective trap hauls) will serve to lay the groundwork 
for robust estimation.  
Lobster traps in Maine are limited by a maximum volume, entrance size, escape vents, and 
tend to have similar rectangular designs, but individual fishers are allowed some flexibility in trap 
design (e.g., color, number of sequential “parlors”, and type of bait housing). Vessels range 
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considerably both in size and power, where the offshore (>3 nm) winter fishery tends to be 
dominated by larger boats. Due to the substantial summer and fall lobster fishing effort in the 
nearshore (< 3 nm) waters, NOAA’s (National Oceanographic and Atmospheric Administration) 
fishery-independent sampling trawls cannot effectively operative in the area lobster are being 
fished the hardest due to interaction with fixed gear. A vent-less trap survey meant to quantify 
lobster abundance is conducted annually (Atlantic States Marine Fisheries Commission 2015), but 
these data are not directly compatible with the commercial fishery due to reasons such as unknown 
density-dependent lobster interactions around and inside the modified survey traps and non-
variable soak times.  
We employed a delta distribution model and a probability of capture submodel (Maunder 
and Punt, 2004) based on coastal Maine fisheries-dependent data to account for zero-catch data to 
estimate spatiotemporally-explicit American lobster effective effort and standardized catch rates. 
We used a bootstrap approach to provide estimates for confidence intervals of standardized and 
model-based CPUE’s.  In conjunction with reported landings data, we estimated fishery effective 
effort and standardized indices of abundance for the years 2006-2013. Potential management 
implications of the identified spatiotemporal dynamics of the American lobster fishery are then 
evaluated. 
 METHODS 
Data 
The Maine DMR sea sampling survey was established in 1985 as a voluntary observer 
program designed to measure biological characteristics of individual lobster (e.g., carapace length, 
sex, v-notch, egg stage) and record abiotic factors including location, date, zone, and depth. The 
sampling effort is three trips per month for each of the seven lobster management zones (A-G) 
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from May-November, and efforts are made to sample at least once per month during the winter 
and spring months of December- April (Fig. 3.1). During this time, lobsters are typically further 
offshore (Campbell and Stasko, 1986) and cold temperatures and stormy seas are technical 
limitations for many fishers due to boat size and lower catch rates. Consequently, the most lobster 
effort and catch occurs in the summer and fall months. Sea sampling survey information from 
233,866 individual lobster traps during 2006 -2013 was used in analysis. Due to limited resources, 
there were no data for 21% of the time series (mostly in the less-sampled winter months). To 
calculate total effective effort, data were linearly interpolated from bordering months, and if not 
available, the same month was assumed to be the average between neighboring years. 
Landings data 
Monthly-zonal lobster landing reports were available from the DMR from all months and 
zones (A-G; Fig. 3.1) during study period. A small portion (<1%) of the data came from ports with 
fewer than the minimum number of commercial deliveries; information other than the landings 
magnitude could not be used due to confidentiality issues.  
 General approach 
A quasi-stationary (Petitgas, 2001) approach was adopted to account for non-stationarity 
of biological and fishery processes across the state of Maine, i.e. separate models were applied to 
each of zones A-G. This approach is useful in situations where a species occupies a large 
environmental gradient and may exhibit different relationships to environmental covariates (spatial 
heterogeneity) across the full spatial extent. In modelling, a common way to deal with spatial 
heterogeneity is to adjust grid size. A preliminary study of the sea sampling data focused on 
Atlantic cod (Gadus morhua) and cusk bycatch suggested that coarse grids typically resulted in a 
lower percentage of zero observations, and distribution of catch was found to be sensitive to grid 
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size (Zhang and Chen, 2015). Given the high proportion of zero-values in our dataset (>30% trap 
hauls with no legal lobster), data were aggregated on the zonal management scale to eliminate 
zero-value grids and provide management predictions on a spatiotemporal scale that spanned 
coastal oceanographic gradients and was appropriate for regulation. Ranges of effective lobster 
effort were estimated by dividing zonal-monthly landings data by the 95% confidence interval of 
respective ‘standardized’ CPUE distributions. 
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Figure 3.1. Distribution of Maine American Lobster (Homarus americanus) sea sampling trap 
hauls (10-minute squares) over lobster management zones (A-G) for the years 2006-2013. 
Overall frequency distribution of eight spatiotemporal covariates include month (12 months), 
depth (m), latitude & longitude (decimal degrees), distance from shore (km), fishing zone (A-G), 
sediment (categorized by composition of clay, silt, and gravel), and number of trap set over days. 
Blank squares indicate space with no sea sampling data. 
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Standardized lobster CPUE 
We used the mass of legal lobster per trap (kg/trap) as the response variable because 
landings are measured in mass. Thus, sea sampling data were subset to include only individual 
lobster within the legal size slot limit (83-128 mm carapace length), lacking visible eggs (lobster 
with visible eggs must be discarded regardless of size), and lacking a v-notch (a method in the 
Gulf of Maine (GoM) that protects sexually mature females for multiple molt cycles). Of the 
subset, we make the implicit assumption that fishers keep all legal lobsters. In the Maine fishery, 
there is no daily limit or quota, so practices such as high grading (releasing small individuals in 
favor of larger, more profitable ones) or other illegal practices were considered negligible. We 
back calculated each legal lobster to estimate mass (M, kg) using carapace length (CL, mm) and 
GoM combined sex allometric parameters from the 2015 lobster benchmark assessment (Atlantic 
States Marine Fisheries Commission 2015): 𝑀 = 6.85816 ∗ 10−7 ∗ 𝐶𝐿3.020978. Lobster mass was 
aggregated by individual trap ID number to calculate mass of legal lobster per trap.  
Two types of covariates were considered in the models:  
 Environmental - Initial models for lobster standardized CPUE included depth (D; 0 - 
179 m), seven categories of sediment (S), number of trap soak days (T; 1-45). Out of 
the three, only D and T were directly measured in the sea sampling survey. S data were 
categorized by grain size into seven bins (gravel, gravel-sand, sand, sand-silt/clay, 
sand-clay/silt, clay-silt/sand and sand/silt/clay derived from Poppe et al., 2014) and 
assigned based on location. Covariates were tested for multicollinearity using variance 
inflation factors (removed if > 4), and Pearson correlation (Supp. Tables 1 & 2). 
Concurvity was assessed with the ‘concurvity’ function in the mgcv R package (Wood, 
2011) (Figures B.1 & B.2). 
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 Spatiotemporal- In our initial models, we included month (Mo; 1-12), year (Yr; 2006-
2013), latitude (La; 42.98ᵒ- 45.07ᵒ), longitude (Lo; 66.94ᵒ – 70.01ᵒ), and distance to 
shore (DS; 0-10 km) to represent spatiotemporal aspects of the fishery dynamics. DS 
was calculated from the NOAA Medium Resolution Shoreline shapefile (NOAA, 
2016) using ArcGIS 10.1 (Environmental Systems Resource Institute, 2012). We 
applied our modeling approach for each individual lobster zone, which were based on 
known oceanographic differences (Pettigrew et al. 2005), and existing zone-based 
management.  
A delta 2-stage generalized additive model (GAM) (Hastie and Tibshirani, 1990) approach 
(Pennington, 1983) was used to standardize catch rates (mass of legal lobster per trap). This 
approach is useful when datasets have a large proportion of zeros (i.e., trap hauls with no legal 
lobster). GAMs are an extension family of Generalized Linear Models (GLMs) that can accept 
various error distributions and relate non-linear smoothing functions of predictors linearly to a 
response variable (Murase et al., 2009; Wood, 2006) . 
Though GLMs can accommodate nonlinear predictors (e.g., using a quadratic term), GAM 
smoothing functions allow more flexibility in modeling both linear and non-linear gradients of 
environmental covariates. This flexibility allows some assumptions relating to the actual response 
– predictor relationship to be relaxed, but comes at a cost of being somewhat less interpretable 
than fully parametric models. Building off methodology from Barry and Welsh (2002) and Li et 
al., (2015) the first stage GAM predicts probability of legal lobster capture with a logit-link 
function and a binomial error distribution:  
 GAM 1: logit(p) = s(Mo) + te(La, Lo) + s(D) + s(T) + Sf + s(DS) + Yr,                         (3.1) 
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where (s) represents a spline smoothing function, te, a thin plate tensor to account for la and lo 
interaction effects, and p, probability of some catch of legal lobster. The second stage “positive 
catch distribution model” predicts legal lobster total mass in kilograms, E(log(M)), using an 
identity-link function, and log-transformed catch data (Ohshimo et al. 2016): 
GAM 2: E(log(M)) = s(Mo) + te(La,Lo) + s(D) + s(T) + S + s(DS) + Y                              (3.2) 
The absolute legal lobster mass per trap haul (Mh, kg), was estimated by multiplying the 
predictions from (1) and (2): 
E(Mh) = p * exp(E(log(M))) * exp(0.5 * sig^2),                                       (3.3) 
where “sig” is the standard deviation of the random error from the linear regression on a log-scale. 
The robustness of hypothesis testing can depend on the smoother degrees of freedom. 
Based on expectation from similar studies and recommendations in the literature, all univariate 
smoothed terms were given a maximum of 5 degrees of freedom (knots) (Keele, 2008; Sagarese 
et al., 2014; Tanaka et al., 2017; Zuur et al., 2009) and bivariate terms (Lat, Long) 15. All GAM 
computations were performed using R Version 3.1.3 for Windows (R Core team 2015) and the 
mgcv package (Wood, 2011). Covariates were selected using a modified guided step-wise 
selection approach. After each fitting, the least significant covariate was removed (highest p-value) 
until all were significant (p < 0.05). All models had to include the covariates month and year 
regardless of significance as they are needed for temporal standardization. Final model diagnostic 
plots were evaluated for residual patterns and to check statistical assumptions.  
Zonal models were bootstrapped to generate distributions of average monthly/annual 
‘model-based’ and ‘standardized’ CPUEs to account for the uncertainty associated with the 
GAM’s and the non-random nature of the sea sampling data. Zonal individual trap haul records 
were sampled randomly with replacement (maintaining zonal sample size). The number of zonal 
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trap hauls (n) ranged from 30,609 (zone E) to 40,309 (zone A). The final model covariates 
determined by the original selection process were used for each bootstrap iteration. After each fit, 
zonal model predictions were made for each month of the study period, and the arithmetic mean 
of each subset was calculated. This process was repeated 1000 times, generating distributions of 
zonal-monthly averaged ‘model-based’ CPUE’s (Fig. 3.2). Individual monthly variance and CV 
of the bootstrap distributions were checked to evaluate stability. We produced medians and 95% 
confidence intervals for each estimate (i.e. the 2.5th, 50th, and 97.5th percentiles of the bootstrap 
distribution). ‘Standardized’ CPUEs were calculated with a modified version of the above 
approach where after each bootstrap fit, month (z) and year (t) indices were created by using the 
individual bootstrap sample covariate means across the study period and the most common 
sediment category as the basis for prediction.   
Effective lobster effort 
To estimate effective lobster effort (in individual trap hauls) per zone and month, 
Landingsz,t were divided by the corresponding upper, mid, and lower bounds of the 95% lobster 
standardized CPUEz,t  confidence interval. This enabled generation of individual zonal-monthly 
lobster effective effort confidence intervals over all study years.  
𝐿𝑎𝑛𝑑𝑖𝑛𝑔𝑠𝑧,𝑡
𝐿𝑜𝑤_𝐶𝑃𝑈𝐸𝑧,𝑡
≤ 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐸𝑓𝑓𝑜𝑟𝑡𝑧,𝑡 ≤
𝐿𝑎𝑛𝑑𝑖𝑛𝑔𝑠𝑧,𝑡
𝐻𝑖𝑔ℎ_𝐶𝑃𝑈𝐸𝑧,𝑡
         (3.4) 
Nominal CPUE 
The Maine DMR has conducted a fishery-dependent harvester survey since 2008 (Maine 
Department of Marine Resources 2017b). Fishers are selected at random and 10% random 
sampling is stratified by zone and license type. Selected individuals report categorical fishing 
location (zone, approximate distance from port), landings, and number of traps hauled for a given 
trip. Validation of accuracy is not feasible. Consequently, uncertainty cannot be directly estimated 
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due to confidentiality (samples were grouped prior to analysis). With these data, nominal CPUE 
(landings (kg) per trap haul) was calculated, and effort was estimated by division of zonal-monthly 
landings by the average harvester CPUE. 
RESULTS 
Variable selection 
The stepwise selection method produced a single ‘best’ model for each of the first and 
second stages for all zones. Visual analysis of Q-Q plots for both first and second stages showed 
model residuals were approximately normal suggesting that the correct error model was selected 
(Supp. Fig. 3.3). Zones E-G positive catch distribution models exhibited a longer lower tail, likely 
stemming from a string of similar values (a catch of one lobster near minimum legal size). 
Concurvity assessments did not indicate any major problems, but suggested that soak days on 
average had the least identifiability (Figures B.1 & B.2). For some zones, the tensor product of 
latitude and longitude had elevated concurvity with distance from shore. Concurvity plots were 
similar for both stage GAMs. Covariates selected in the final model were similar over each of the 
zones. Latitude and longitude were included in all first and second stage final models. Both first 
and second stage lobster models were statistically significant based on p (<0.05) for all zones.  
Zonal first stage models included an average of 5.8 covariates out of 7 with a deviance 
explained ranging from 4.6 – 16.7%. Second stage models had similar structure, but more 
explanatory power than the first stage (Table 3.1, Fig. 3.3). Deviance explained in the second stage 
models ranged from 7.6% (zone F) to 28.8% (zone A). While latitude, depth, and set over days 
were included in nearly all final models, sediment and distance to shore were included only in 
35.7% and 64.3% of models, respectively. For both stages, overall more deviance was explained 
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for the northeastern zones (A-D) than the southwestern zones (E-G). Zone F had the lowest 
deviance explained for both first and second stage (Table 3.1).   
 
 
 
 
 
Figure 3.2. Example spring (May) and fall (September) two-stage generalized additive model 
bootstrap distributions of average standardized American lobster (Homarus americanus) CPUE 
(kg of legal lobster per trap haul) as estimated for Maine lobster management zones (A-G) for 
the year 2013. Dashed line indicates increase corresponding to seasonal inshore migration.  Fall 
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standardized CPUE exhibits more pronounced increases in the northeastern zones (A-D) than the 
southwestern zones (E-G), while spring CPUE is more similar (but much lower) across zones. 
Spatiotemporal patterns of standardized CPUE  
Standardized CPUE’s exhibited slightly differing patterns among zones, but these were 
consistent with the general known seasonal population dynamics of the species (Jury and Watson, 
2013, Fig. 3.3). The average monthly CVs calculated for each bootstrap distribution were narrow 
across all zones, ranging from 1.1% - 4.5% for standardized CPUE, and 0.7% - 1.0% for model-
based CPUE. Annual lobster standardized CPUE resembled a sinusoidal pattern in the northeastern 
zones (A-D), experiencing lowest standardized CPUE’s in April and the highest in September and 
October (Fig. 3.4). The general sinusoidal pattern was consistent across all years, but the 
southwestern zones had subtle difference in fall dynamics (CPUE plots for zones A-G in 
supplementary material, Fig. 3.4). Standardized CPUE increased in the southwestern zones 
typically at least one month before catch rates increased in the eastern zones. In the eastern zones, 
summer and fall months exhibited more variation between study years than other months. 
Southwestern zones followed similar patterns in the spring, but exhibited either catch rates leveling 
off, or a ‘double peak’, first in July, then again in the late fall (Oct or Nov). All zones however, 
uniformly had the highest catch rates in the summer and fall (Aug- Nov). Standardized CPUE’s 
increased in all zones (Fig. 3.5), but disproportionately higher increases occurred in zones A-D 
than E-G (mean 57.7% and 27.6%, respectively).  
Model-based median and nominal CPUEs were highly correlated (r = 0.947) throughout 
the time series. A linear regression slope of model-based and harvester effort of the non-
interpolated months had a slope of 0.86 (p<0.001), intercept of -4800 (p=0.815), and r2 of 0.896. 
Median model-based estimates predominantly occurred inside a ±20% envelope (Fig. 3.6). Unlike 
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the harvester program, the sea sampling survey allows fine-scale GAM modelling, provides 
reliable estimates of uncertainty, and allows for standardized CPUE (removal of catchability 
effects).  
Summaries of effective effort are given in Table 2. Over 2006-2013, zones A and B 
exhibited an increase ranging from 1.02 x 106 (+13.6%) traps hauls to 4.22 x 106 (+42.8%) (Zone 
A) (Table 2). Over the same period, modest decreases in effective trap hauls occurred in the 
remaining zones, ranging from -1.33 x 105 (Zone F) to -9.80 x 105. Overall, the relative proportion 
of total annual trap hauls by zone only increased in the eastern two zones (A and B), 6.04% and 
1.10%, respectively (Table 2). We note that landings in the northeastern zones comprised 78% of 
the Maine total from 2006-2013 while constituting 71% of total effective trap hauls. The modelled 
net change in effort over the study period was modest (+4.5%, Table 2). Effective effort decreased 
from 2006 to 2007 drastically (-34.1%), then increased through 2010 (Fig. 3.7). The level of effort 
remained relatively high and stable from approximately 2012 through 2013 (Table 2).  
Although survey coverage in the winter months is lower, late winter (January-February) 
and early spring (March-April) consistently had both the lowest catch rates and lowest effective 
effort (Figures 3.4 and 3.7). For all zones combined, effective effort ranged from 3.38 x 105 
(February, 2007) to 1.51 x 107 (July, 2012) trap hauls per month, reflecting the major contrast in 
summer/fall to winter/spring effort levels. Effective effort was highest in the eastern zones (A-D) 
and F, but similar relative effort patterns existed for all zones (Fig. 3.8).  
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Table 3.1. Frequency of variables being selected in final bootstrapped GAM models and 
percent of null deviance explained across all fishery zones.  
Model Zone Year Month 
Latitude, 
Longitude Depth 
Set 
over 
days Sediment 
Distance 
to shore 
Deviance 
Explained 
GAM 
1 A X** X** X** - X** - X* 10.7% 
 B X** X** X** X** X** - X** 15.7% 
 C X** X** X** X** X** - - 16.7% 
 D X** X** X** X** X** - X** 10.4% 
 E X** X** X** X** X* - - 6.13% 
 F X** X** X** X** X* - - 4.6% 
  G X** X** X** X** X** X** X** 5.4% 
GAM 
2 A X** X** X** X** X** - X* 28.3% 
 B X** X** X** X** X** X* X** 27.2% 
 C X** X** X** X** X** X** X** 28.8% 
 D X** X** X** X** X** X** X** 19.0% 
 E X** X** X** X** - - - 10.1% 
 F X** X** X** X** - - - 7.6% 
  G X** X** X** X** X** X** X** 14.6% 
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Figure 3.3. GAM 1 (probability of capture) and GAM 2 (positive catch distribution) thin plate 
regression spline partial dependence plots with 95% confidence intervals for lobster (Homarus 
americanus) zones A and G (columns). Estimated degrees of freedom denoted in top left of 
subplots. Asterisk denotes covariate excluded from final model. 
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Figure 3.4. Example Maine American lobster (Homarus americanus) management zones (A, F) 
model-derived CPUE’s (kg of legal lobster per trap haul) by month. Black and blue dots 
represent individual year values; boxes represent variation over years 2006-2013. Remaining 
zones found in Figure B.3. 
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The characteristic patterns of fishery timing showed a distinction between northeastern and 
southwestern zones that was robust throughout the study period. Zone-normalized (highest zonal 
CPUE corresponding to 1) fishery standardized CPUE increased first in the southwestern zones, 
but by August were relatively equal across all zones (Figure 3.8). Catch rates remained high in the 
southwest through November in most years and declined moderately through December. 
Conversely, northeastern zones experienced a much more prominent ‘boom and bust’ type catch 
pattern.  The northeast lagged behind the southwest in the timing of initial catch rate increase, but 
experienced a much larger peak (generally in August), and a faster decline. Depending on the year, 
the lag of peak effort ranged from 0 months (2007 and 2013) to 2 months (2006). The remaining 
years had an approximately 1-month lag. We found that the southwestern three zones tended to 
have two effort peaks while the northeastern zones did not. The second peaks tended to occur in 
October-November and were smaller in terms of CPUE, effort, and landings than the main peak 
(e.g., comparing northeastern to southwestern zones in Figure 3.8).  
 
DISCUSSION 
Lobster fishery dynamics 
With the increase in lobster catches over the past two decades (1994-2013 increase of 
229%; Department of Marine Resources, 2017b), we expected an increasing trend in lobster 
effective effort. Maine’s lobster fishery has become more lucrative as catches have increased and 
prices have remained relatively stable, providing an incentive for overcapitalization (see Steneck 
et al., (2011) for characterization of this being a ‘gilded’ trap). Dealer reports suggest all licenses 
do not get fished on an annual basis (Kathleen Reardon, Maine DMR, West Boothbay Harbor, 
ME, pers. com), thus the fishery likely is harboring substantial latent effort. Over the period of 
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study, the number of lobster licenses in Maine decreased 16% (Department of Marine Resources, 
2017b) from the DMR’s strategy to reduce effort on a zonal basis. Thus, we speculate the increase 
in effective effort is explained by a combination of fewer unfished licenses and more trap hauls 
per license.  
 
Figure 3.5. Annual Maine American lobster (Homarus americanus) abundance indices, effective 
effort, landings, and monthly partial dependence plots for all zones (2006 -2013). a) Probability 
of legal lobster capture (GAM 1) monthly partial dependence plots (all zones). b) Positive catch 
distribution model (GAM 2) monthly partial dependence plots (all zones). c) Effective effort 
(standardized trap hauls) and indices of abundance by year (all zones) with 95% confidence 
intervals. d) Total Maine American lobster landings (combined zones).  
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In all study years, the peak of zonal effective effort preceded the peak of landings. The 
peak in landings tended to occur in the same month for all zones (though the month differed among 
years), while the peak in effective effort was more variable. In instances where peak standardized 
CPUE occurred after peak landings, both density-dependent trap dynamics and lobster ecology 
probably play important roles. For example, if effort is excessively high in a particular location, 
dependence on nominal catch rates will be a poor predictor of abundance due to high fishing 
mortality (Maunder and Punt, 2004). Although the rates of lobster migration are unclear, it is not 
unreasonable that high localized fishing pressure can act as a pseudo-depletion experiment, thus 
interpretation of nominal catch rates should be treated with caution. Using aerial surveys, (Kelly 
1993) found trap density in Maine could be quite high, up to 749 traps/km2 around inshore (<2 km 
of mainland) regions. Since the early 1990’s lobster landings have more than doubled, which may 
suggest that inshore trap densities are still quite high. 
Large scale repeated patterns of peak effort preceding peak landings are also 
understandable from an economic perspective. Fishers likely have an economic advantage to have 
gear in the water before the peak both to claim a competitive edge through “establishing” fishing 
territory, and by reducing the chance they may begin fishing after a significant portion of the 
seasonal molt has passed. This behavior is well-founded as Maine lobstermen have a reputation 
for intense territoriality (Acheson 1975) and certain years (e.g., 2008 and 2012 from our study 
period) experienced earlier than expected catches. 
The GoM and Georges Bank American lobster ‘stocks’ are treated as a single population 
in the stock assessment (Atlantic States Marine Fisheries Commission 2015), but it is likely that 
some regionally or sub-regionally-specific differences in stock structure and phenology exist. 
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These may to a large part be explained by temperature regime and bathymetric differences along 
the coast of Maine (Hadley, 1906). Thus, regional differences between the first and second peaks 
may be explained by changes in suitable habitat. In the fall, warm water extends further off the 
coast than in the late spring and as a result, lobster may find habitat suitable for molting further 
from shore. Additionally, the southwestern portion of the GoM warms earlier closer to shore than 
further up the coast (Bai Li, School of Marine Sciences, University of Maine, pers. com). In 
addition, the Eastern Maine Coastal Current (EMCC) runs southwestward and brings relatively 
colder water along the coast before dissipating near Penobscot Bay, (i.e. between zones D and E, 
Pettigrew et al., 2005). If the bathymetry and current dynamics dictate differential warming 
patterns, it is reasonable to expect an earlier increase in southwestern catch rate. One explanation 
could be that faster growth rates precipitate a stronger second molt due to a longer warm period in 
the southwest. Considering the magnitude and regional importance of the lobster fishery, further 
research should be done comparing the size, sex, and age compositions of the first and second 
molt.  
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Figure 3.6: Comparison of Maine harvestor survey (± 20%) (dark blue) and bootstrapped 
Generalized additive model-derived (light blue) effective trap hauls (x 106) by month and zone 
(A-G) from 2006-2013. Grids denoted increments of 5 x 105 trap hauls for all zones. 
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Figure 3.7. Mapped spatiotemporal trends of Maine American lobster (Homarus americanus) 
landings (kg), standardized CPUE (kg of legal lobster per trap haul), and Effective effort 
(individual trap hauls) for Maine lobster management zones A-G for years 2006-2013. Missing 
data are represented with white space.   
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Table 3.2. Summary of modelled Maine American lobster (Homarus americanus) fishery 
total zonal effort (trap hauls) for year 2006-2014. Percentages indicate relative proportion of 
hauls by zone. “West” denotes management zones E-G and “East” corresponds to zones A-D. 
“*” represents covariate p-value <0.05, and “**” represents p <0.01. 
Year 2006 2007 2008 2009 2010 2011 2012 2013 
Traphauls 
(x 10^7) 
5.98 4.46 4.78 5.01 5.8 5.73 6.76 6.25 
A 16.50% 17.60% 19.02% 19.50% 20.54% 19.60% 20.54% 22.54% 
B 12.60% 11.60% 11.20% 11.50% 12.40% 12.44% 12.67% 13.70% 
 C 26.20% 25.30% 23.86% 21.60% 24.40% 22.54% 24.90% 23.50% 
 D 15.80% 15.40% 15.40% 16.50% 14.50% 16.70% 14.60% 14.16% 
 E 7.80% 8.00% 8.20% 7.79% 6.76% 6.70% 6.40% 6.48% 
F 16.60% 17.70% 17.50% 18.30% 17.50% 18.03% 17.10% 15.67% 
 G 4.50% 4.36% 4.69% 5.30% 3.90% 3.88% 3.70% 3.89% 
West 28.90% 30.06% 30.39% 31.39% 28.16% 28.61% 27.20% 26.04% 
 East 71.10% 69.94% 69.61% 68.61% 71.84% 71.39% 72.80% 73.96% 
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The main advantage of the bootstrap approach comes from the ability to consider 
spatiotemporal trap dynamics explicitly in the calculation of confidence intervals.  Random 
sampling of zonal-explicit data is a useful way to characterize fishing practices when a larger 
sample size is unavailable. The sea sampling survey does not take a random sample of fishers, and 
due to space limitations (sufficient room for measuring lobsters), focuses more effort on mid-size 
to large boats. Thus, inherent is the assumption that the mean (across time) values from the sea 
sampling survey are representative of the whole fishery, thus the standardized CPUE scales with 
the absolute values of fishery and allows rough equalization of standardized and modelled DMR 
values of effort. Our approach was to examine the trap dynamics as opposed to traditional boat 
‘power’ dynamics (Marchal et al., 2001). As all fishers are required to follow the same trap 
guidelines and most effort occurs in the coastal waters, we determined that the dynamics governing 
when and where the trap was fished would be more appropriate for characterizing effort than vessel 
‘power’.  
For the sea sampling data, the measurement of carapace length is relatively precise, but 
specific details regarding weight-length relationships were assumed to be negligible. As lobster 
undergo ecdysis, we expect variability of the weight-length relationship to be sexually- and/or 
regionally-dynamic. Further, because molting is accepted to be a seasonal phenomenon largely 
governed by temperature (Hadley, 1906), it would not be unreasonable to question whether a 
seasonal and spatially-explicit allometric key may be more precise. Unfortunately, these data were 
not available but may be fruitful for a future study.  
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Figure 3.8. Zone-normalized (0-1) American lobster (Homarus americanus) landings, 
standardized catch per unit effort, and effective effort (traphauls). 
 
The goal of CPUE standardization is to remove the effects of nominal CPUE that are 
unrelated to stock abundance. For trawl surveys, standardization is often done by depth strata and 
time towed to create unbiased estimates of relative abundance (U.S. Department of Commerse 
2004). Regardless of sampling procedure, assumptions regarding representation of sampling are 
necessary. Fishery-independent surveys are typically designed based on known spatial variance 
structures. An example may be random stratified surveys in which variance may be estimated 
(Pennington, 1986).  Fisheries-dependent data are non-random by nature, and may not conform to 
a rigid sampling design, thus interpretations of these data are generally viewed more cautiously 
than findings based on fisheries-independent surveys  (Paloheimo and Dickie, 1964). Nonetheless, 
it is not uncommon for an assessment scientist to have access to fishery-dependent data, but a 
dearth of fishery-independent data. Therefore, it is necessary for further development of fishery-
dependent methodologies in regions where independent surveys are non-existent or data-poor. 
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We confirmed that most temporal effort for the Maine lobster fishery occurs in the summer 
and fall months and most catches during this time come from the inshore component of the fishery 
(Chen and Wilson, 2006). It should be noted that effort has been recorded further offshore in recent 
years. Most likely, extirpation of predator species (e.g., Atlantic cod) (Ames, 2004; Fogarty et al., 
2008) and recent warming trends have created additional available habitat and facilitated 
population growth. Density dependence may affect the relative importance of physical 
environment and space (Leibold and Loeuille, 2015; Steneck, 2006). With more offshore effort in 
recent years, it is unclear how standardized CPUE estimates based on the sea sampling dataset 
have changed over time in terms of representativeness. We included all landings (state and federal) 
in the analyses, but acknowledge the sea sampling survey has more coverage of more productive 
inshore waters and months in which catches are highest. Notwithstanding, sea sampling data cover 
an extensive environmental and spatiotemporal extent, thus, the bootstrap procedure we argue 
sufficiently characterizes the fishery. Large agreement between harvester and model-based CPUE 
provide support of this claim.  
Fisheries are commonly characterized at yearly or seasonal scales but this may not be 
sufficient to capture relevant biological or fishery dynamics for migratory species such as lobster. 
We were able to characterize striking spatial differences between months in terms of standardized 
catch rates and effective effort. Understanding fishery timing simultaneously in terms of catch 
rates, effort, and landings hold promise to aid in management decisions. Specifically, collecting 
effective effort at a higher temporal resolution can serve as a useful tool to spatially monitor fishing 
pressure due to its proportionality with fishing mortality (Ricker 1975). For coastal Maine lobster, 
it is uncertain how long high catches will persist, though we expect knowledge of high-resolution 
fishery dynamics will make management capacity more flexible and precise.  
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Spatiotemporal patterns on the zonal-monthly scale are a considerable improvement to 
current knowledge, but limitations remain. Changes in the lobster fishery were detected on the 
zonal-monthly resolution, but we recognize changes occur on the microscale both through time 
and space. As the northeastern lobster zones in Maine experienced an average first peak in 
standardized CPUE lag of approximately one month, certainly we can expect individual zonal, or 
port to port lag to be a fraction of a month, week, or day. Estimating peak months for effective 
effort comes with similar caveats. For the Maine lobster fishery specifically, monthly-zonal 
resolution provides a reasonable balance of the complex oceanographic and fishery dynamics of 
the Maine coastline. 
We applied a quasi-stationary approach in this study to account for mesoscale 
oceanographic differences across coastal Maine but note the management zone lines used for 
separating catch statistics are arbitrary, thus do not necessarily reflect changes in habitat. 
Additionally, lobstermen in Maine can fish up to 49% of their gear in a neighboring zone, but 
probably deliver most often to their registered home port or co-op (Department of Marine 
Resources, 2017a). Given the available fishery-dependent and landings data however, these 
problems are not easily overcome. Habitat dynamics are undoubtedly complex, requiring small 
and meso-scale empirical studies to tease apart a more detailed understanding on lobster 
phenology, behavior, and fishery dynamics. Fortunately, the sea sampling data are geographically 
referenced, so exact zone is known. Therefore, the assumption made was that overall, landings are 
accurate and come from the registered zone of the individual lobstermen. 
The generalized framework we propose for standardizing CPUE and estimating effective 
effort can have wide-ranging applications in other data-poor, or fishery-dependent data dominated 
fisheries. We suggest careful consideration of spatiotemporal fishery dynamics for choosing 
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appropriate grid or sector size for implementation of this methodology. More specifically, prior 
knowledge of biological and oceanographic conditions should be weighed by investigators to 
select appropriate geographical and temporal extents for CPUE standardization and effective effort 
estimation. Generally, if known gradients across a fishery exist, accounting for spatial non-
stationarity by modeling processes at smaller geographic or temporal interval (quasi-stationary) 
would be more advantageous than a stationary approach (Petitgas, 2001). Regardless of 
methodology, estimates of uncertainty associated with each available dataset and modeling 
approach should be an integral part of crafting robust fishery CPUE standardization strategies. 
Elucidation of more precise fishery dynamics from fisheries-dependent data holds promise to aid 
in setting and successfully reaching management goals.  
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4. QUASI-STATIONARY ATLANTIC COD (GADUS MORHUA) BYCATCH 
ESTIMATION IN THE MAINE AMERICAN LOBSTER (HOMARUS 
AMERICANUS) TRAP FISHERY 
 
CHAPTER ABSTRACT 
The Atlantic Cod (Gadus morhua) population in the Gulf of Maine (GOM) is currently 
near historically low abundance. Reliable estimates of incidental Atlantic Cod bycatch from 
Maine’s lobster fishery, which are unavailable and not included in the current stock assessment, 
are potentially critical for understanding complete catch dynamics, thus essential for rebuilding 
the stock. Available fishery-dependent data cannot be used directly in estimating Atlantic Cod 
bycatch because of non-random spatial and temporal sampling efforts. A standardized 
framework is developed in this study for estimating Atlantic Cod bycatch in Maine’s inshore 
lobster fishery for the years 2006-2013. We employ environmental covariates into a bootstrapped 
generalized additive model framework to standardize monthly-zonal Atlantic Cod bycatch per 
unit effort (BCPUE) and lobster catch per unit effort (CPUE). Bootstrapped distributions of 
standardized CPUE and BCPUE are combined with landings data to estimate spatiotemporally-
explicit confidence intervals of Atlantic Cod discards in the Maine lobster fishery. Modeling 
results remained consistent throughout the study years, suggesting robustness in our approach. 
The estimates of Atlantic Cod discards in the lobster fishery improve understanding of the total 
GOM Atlantic Cod bycatch and may address current stock assessment deficiencies. 
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INTRODUCTION 
Bycatch, or catch of non-target organisms (Davies, et al., 2009) is among the most 
pervasive problems in modern day fisheries. While some bycatch may be sold, retention may be 
illegal or undesirable, leading to the possibility of individuals being thrown back dead or in poor 
condition. Fishery discards, or the portion of catch that is not retained is not necessarily equal to 
bycatch, but is also significant. Estimates vary, but recent estimates of global fisheries discards 
based on catch reconstructions suggest <10% to 20% of catches by mass are discarded (Zeller et 
al., 2017), but see (Davies, et al., 2009).  Mitigating unwanted catch is not straightforward due to 
the vast differences in bycatch/ discard rates between fisheries and the multiple frames of 
thought concerning appropriate regulation schemes. 
Interestingly, the two major pillars of bycatch policy employed in industrialized fisheries 
take opposing tacks. Polar examples of strategy are epitomized by those of the U.S. and E.U. The 
E.U.’s Common Fisheries Policy (European Parliment 2015) began phasing in a landings 
obligation of most bycatch species in 2015, meaning that what is brought aboard must be landed 
with the exception of some species with demonstrably high discard survival rates. While there 
are certainly exceptions, many fisheries in the U.S are legally bound to discard sublegal, 
protected, or non-target individuals (National Oceanic and Atmospheric Administration 2007). 
The arguments generally brought up against the policy to dump unwanted catch are that the 
practice is “wasteful”, difficult to retroactively quantify, and promotes proliferation of scavenger 
species (Catchpole et al., 2006). Additionally, the two procedures lend differently to overall 
methodologies in bycatch estimation. Assuming all catch is retained and counted, it may be 
reasonable to assume bycatch estimates are accurate and precise. Benefits of these data come at 
the price of removing excess biomass from the ocean, and bringing less desirable fish to market, 
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which themselves often requires additional infrastructure for processing. Conversely, 
subsampling and dumping of bycatch mitigates overall removal of biomass, but rests on observer 
coverage being accurate and sufficient. With either strategy fishery monitoring typically requires 
the employment of many full-time workers ranging from observers to data scientists, making 
programs expensive, if not cost-prohibitive in some cases (Lewison et al., 2004). As a result 
there is often a dearth of bycatch data, or it is of poor quality. With these data only it is a 
formidable challenge to reliably quantify the magnitude of bycatch needed for improving the 
current stock assessment. Certainly, any policy should encourage fishing practices that mitigate 
bycatch, but this is often a difficult proposition.  
In survey programs, be it in fisheries, forestry, or geology, assumptions of spatiotemporal 
structure are made to facilitate characterization given limited sampling. The two types of surveys 
(thus, data) used for fisheries stock assessment are fishery-independent, and dependent (Hilborn 
and Walters 1992). Fishery-independent data are typically collected by scientists conducting 
long-term monitoring programs. For these, government and/or academic scientists carefully 
design surveys to follow consistent methodologies with known error structure. Theoretically, 
these types of surveys produce unbiased indices of abundance and are regarded more highly in 
assessment, although concerns have been recently raised about some fishery-independent survey 
assumptions including use of single gear type (Jech and Mcquinn 2016) and assuming constant 
catchability through space and time (Wilberg et al. 2009). Fishery-dependent programs gather 
various data directly from within the industry. Fishermen may be required, or voluntarily choose 
to allow scientific observers on trips, employ satellite vessel monitoring equipment, or record 
catch data in log books. A key distinction between the two types are the spatiotemporal extents 
of sampling schemes and associated assumptions. For instance, fishing effort is not considered to 
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be random over large extents (Rijnsdorp et al., 1998), but may occur for reasons such as where 
the abundance of the target is believed to be profitable or where weather permits safe operations 
(Hilborn 1985). For this reason, fisheries-dependent data might not be as representative of the 
entire stock. 
Of the problems associated with fisheries-dependent data, among the most significant are 
the dangers of upscaling. Directly extrapolating non-representative data can lead to severe biases 
of key fisheries statistics, resulting in poor assessment and management (Hilborn and Walters 
1992). There are many established examples of the tribulations resulting from reliance on 
nominal catch per unit effort (CPUE) to infer fish population dynamics  (Hilborn and Walters 
1992, Rose and Kulka 1999). In most cases, current fishing practices all but ensure a higher 
probability of encountering fish than random search. To deal with these issues, CPUE’s must be 
standardized, and even then, may only provide limited information about a stock (For a thorough 
review of CPUE standardization practices and limitations, we direct the interested reader to 
Maunder and Punt, (2004) and Maunder et al. (2006)).  
In the simplest sense, CPUE standardization puts available fisheries data into a common 
denomination (removing effects of catchability) to facilitate comparison and analysis. For 
example, if one were conducting a trawl survey it might be sensible to measure catch as a rate 
per area swept as opposed to catch per trawl, as different sample trawls might sample a different 
sized area. The next step in complexity might be considering what type of substrate or depth 
strata is being trawled (or cannot be trawled due to technical gear limitations). In some cases 
there might be a reasonable expectation that substrate differences are negligible, but prevailing 
ecological thought suggests that most species tend to have some preference in habitat (eg. Tews 
et al., 2004), thus, spatial and environmental covariates might be employed in CPUE 
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standardization if they are believed to mechanistically affect catch rates (Mateo and Hanselman 
2014). Target organism preferences can change as a function of ontology (such as predator 
avoidance as juveniles) (Jonsson and Jonsson 1993), and in some cases can be sex-specific. For 
species known for seasonal movement, it may be that a stock exhibits not only significant spatial, 
but spatio-temporal variability. Unfortunately, many of the fisheries that would benefit most 
from accurate assessment and surveys are those that are data-poor and which rely heavily on 
sparse fisheries-dependent survey or catch information (Zhou et al. 2017).  
The American Lobster (Homarus americanus) (hereafter, lobster) constitutes the most 
valuable fishery in the U.S (2016 ex-vessel value was 533 million dollars), with most landings 
coming from the coastal waters of Maine (Maine DMR, 2016). Likely due to a relaxation of 
groundfish predation and environmental change (McMahan et al., 2016; Pinsky et al., 2013b; 
Steneck et al., 2013), populations of lobster in Maine are near time series highs (Atlantic States 
Marine Fisheries Commission 2015). Following the seasonal movement of lobster (Jury and 
Watson 2013), a substantial increase of fleet effort extends from the late spring through the late 
fall. Then due to technical limitations and a decline in catch rates, drops off for the winter and 
early spring. Lobster effort follows the migration offshore from state (0- 3 nm) to federal waters 
(3-200 nm) during the colder winter months but decreases substantially during this time (Boenish 
and Chen 2018a).  
The Atlantic Cod (Gadus morhua) (hereafter, cod) has traditionally been a fishery staple 
of the northeastern U.S, with catch records in the region dating back many centuries (Kurlansky 
1998). Cod have historically been caught in the spring and winter where they come inshore to 
form large spawning assemblages (Ames 2004). These assemblages historically have been so 
plentiful that overexploitation was deemed impossible (Kurlansky 1998). Post- WWII, 
 63 
 
improvement in fishing technology and an increase in effort accelerated Cod exploitation. Likely 
due to a combination of poor management and overfishing (Fishing mortality (F) > Fmsy (F that, 
if applied over the long-term, would produce maximum sustainable yield) (National Oceanic and 
Atmospheric Administration 2007)), the most current stock assessment for the GOM stock 
estimated a spawning stock biomass (SSB) of only 3-4% of target biomass levels (Palmer 2014), 
suggesting the stock is overfished (SSB < SSBtarget). The prevailing view states that due to a host 
of factors including overfishing, there has been an ‘ecosystem flip’, from a fish to a crustacean 
dominated ecosystem in the GOM (Steneck, et al., 2013; Worm & Myers, 2003). Compounding 
these stresses, recent attention has suggested a component of the decline may be due to warming 
of ocean temperatures in the region (Fogarty et al. 2008). Subsequent rebuilding efforts have 
included cuts in total allowable catch and recreational moratoria, but these management actions 
have failed. 
The most recent GOM cod update assessment (Palmer 2014) noted that moderate 
retrospective patterns exist, but were alleviated by an ad-hoc increase of natural mortality, M,  
(denoted M-Ramp in the assessment) particularly for younger age classes. The assessment notes 
that during the time in which M-Ramp helped alleviate retrospective patterns (Mohn 1999) in the 
model, there was no evidence (increased disease or predation) that justified an increase in M. 
One possibility of significant mortality is the previously unconsidered bycatch and discarding of 
cod in the lobster fishery. Currently there is no estimate in the cod assessment so it is unknown 
as to whether it significantly contributes unaccounted mortality. The Maine Department of 
Marine Resources (DMR) fishery-dependent sea sampling data suggests cod are incidentally 
caught as bycatch at a moderately low rate.  
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Building off our previous work estimating effective effort in the Maine lobster fishery 
(Boenish and Chen 2018a), we quantify spatiotemporally-explicit ranges of cod bycatch in the 
Maine lobster fishery using Maine DMR sea sampling data from 2006-2013. Our procedure 
accounts for the zero-inflated nature of bycatch data, and incorporates uncertainty via a semi-
parametric bootstrap approach.  
METHODS  
The DMR sea sampling observer program has been conducted for lobster since 1985, 
consisting of volunteer lobstermen taking aboard state observers to collect various biological 
information of all lobster size categories (e.g., carapace length, sex, egg stage) and record abiotic 
factors including location, date, management zone (A-G), and depth. Since 2006, the program 
has expanded to include nominal finfish bycatch information (including cod). These data are 
predominantly inshore (< 3 nautical miles, nm), but some sampling occurs in offshore areas (3-
12 nm) (Figure 4.1). The sampling effort consists of three trips per month for each of the seven 
lobster management zones from May-November, and efforts are made for one trip per month for 
the remainder of the year in which lobsters are typically further offshore. Cold temperatures and 
stormy seas precipitate technical limitations for many fishermen due to boat size and profitability 
in the harsh winter months. Resultantly, most of the catch occurs in the summer and fall months 
when lobster migrate inshore to molt and reproduce. This dataset provides the best opportunity to 
predict the magnitude of cod bycatch for the inshore Maine lobster fishery.  
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Figure 4.1. Distribution of Maine American lobster (Homarus americanus) Sea sampling trap 
hauls (10-minute squares) and Atlantic cod (Gadus morhua) bycatch (# individuals) for years 
2006-2013. Overall frequency distribution of eight covariates include month (12 months), depth 
(m), latitude & longitude (decimal degrees), distance from shore (km), fishing zone (A-G), 
sediment (categorized by composition of clay, silt, and gravel), and number of total lobsters (all 
sizes) per trap haul. 
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General approach 
Our goal was to estimate Atlantic Cod bycatch for the inshore Maine lobster fishery on a 
fixed spatio-temporal scale sensible to the biological characteristics of cod and lobster, and 
applicable for future management. This was accomplished by bootstrapping a model-based 
standardized CPUE approach building off approaches developed in Zhang & Chen (2015) and 
(Boenish and Chen 2018a). 
Model resolution 
Bycatch data are typified by being highly zero-inflated (Maunder and Punt 2004). Thus, 
special attention is needed to avoid violating traditional statistical assumptions (e.g., normality, 
constant variance). To combat zero inflation, many modelling strategies have been proposed 
including Generalized linear models (GLM’s), Generalized additive models (GAM’s), and 
various machine learning and mixed-effect models (Maunder and Punt 2004, Thorson et al. 
2015, Thorson 2017). These approaches range in their degrees of flexibility and application. 
In addition to model choice, two important considerations in determining the appropriate 
spatiotemporal aggregation must be made: evaluation of spatial heterogeneity and management 
operationalization. Despite being the 39th largest state by area, Maine’s complex coastline of 
peninsulas and small islands makes it the 4th longest coastline in the U.S. Consequently, the 
state’s oceanography is complex (Pettigrew et al. 2005) and it has been demonstrated that the 
currents and temperature, thus, habitat, have significant effects on lobster behavior and 
catchability (Drinkwater et al. 2006).  
Given the spatiotemporal heterogeneity of cod and lobster distributions in the Maine sea 
sampling survey (Figures 4.1 & 4.2), stationarity of model processes is a weak assumption. For 
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this study we took a quasi-stationary (Petitgas 2001) approach to account for non-stationarity of 
fishery processes across the entire state of Maine. The quasi-stationarity approach facilitates 
expanding grids to minimize zero-values, while balancing spatiotemporal extent to sufficiently 
characterize heterogeneity of biological and fishery processes. A preliminary study of the Sea 
Sampling data (Chang and Chen, 2015) found that coarse grids typically resulted in a lower 
percentage of zero observations, and distribution of catch was found to be sensitive to grid size. 
The grid approach, while it does provide a strategy to combat zero inflated data, is not 
necessarily grounded in a size relatable to management or process non-stationarity. For example, 
a modeling grid may fall between two management zones, making interpretation of catch rates 
and landings for individual zones difficult. Given the high proportion of zero-values in our 
dataset (>99% for cod and >31% for lobster), data were aggregated on the zonal scale to not only 
eliminate zero-value grids, but to provide management predictions on the spatial scale of 
potential regulation.    
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Figure 4.2: Overall frequencies of eight sea sampling covariates. Candidate covariates include 
month (12 months), depth (m), latitude & longitude (decimal degrees), distance from shore (km), 
fishing zone (A-G), sediment (categorized by composition of clay, silt, and gravel), and number 
of total lobsters (all sizes) per trap haul. Group (a) represents data from cod discards and (b) 
represents full data extent from 2006-2013. 
Due to the large sample size of individual trap hauls, some simplifications of lobster trap 
dynamics were made. Smith and Tremblay (2003) documented that traps at the end of trawls 
may or may not catch more lobster than traps in the middle of trawls. They found distance 
between traps in a trawl exerted influence on trap saturation and attraction distance. For our 
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analysis, differences associated with location of a trap on a trawl, or number of traps in a 
particular trawl were not incorporated into the model. In addition, lobster trap size is governed 
by a maximum volume (Maine DMR, 2017), and variations exist across individual fishers. Some 
fishers will build traps with one, two, or 3 ‘parlors’ based on experience, boat dimensions, or 
belief that a certain design is optimum. Notwithstanding, traps across Maine are relatively 
homogenous, typically 1-1.2 m in length and weigh between 20 and 27 kg (McCarron, P., 
Tetreault 2012). Data on trap specifics were not available in the sea sampling dataset, so 
differences were assumed negligible over the large sample size.  
Standardized Atlantic cod BCPUE 
Standardization of Atlantic Cod bycatch CPUE (BCPUE) was done using GAMs(Hastie 
and Tibshirani 1990a) in the R package mgcv (Wood 2011). GAMs are an extension family of 
GLMs in that they can accept various error distributions and relate non-linear smoothing 
functions of predictors to a linear response variable. These smoothing functions allow flexibility 
for use in modeling both linear and non-linear gradients of environmental covariates (Lehmann, 
1998).  
Two types of covariates were considered in this study as predictors for Atlantic Cod BCPUE and 
lobster CPUE, respectively.  
Environmental covariates 
Our initial models for both species included depth (0 -327 m), sediment (United States 
Geological Survey), soak time (0-45 days), and count of lobsters present in the trap (0-97). Out 
of the four, only depth and lobster count were directly measured in the sea sampling survey. 
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Sediment data were categorized by grain size into 7 bins (gravel, gravel-sand, sand, sand-
silt/clay, sand-clay/silt, clay-silt/sand and sand/silt/clay) derived from (Poppe et al., 2014).  
Spatiotemporal covariates 
All spatiotemporal information was taken directly from the sea sampling dataset. In our 
initial models we included month, year, latitude, longitude, and distance to shore (the distance of 
trap location to the nearest shoreline (km, including islands)). Distance to shore was calculated 
using ArcGIS 10.1(ESRI (Environmental Systems Resource Institute) 2012). From a preliminary 
analysis, we designed our modelling approach to be independent for each individual lobster 
management zone.  
For this work, we used a 2-stage approach for each individual zone, where the first stage 
GAM modeled the binomial presence-absence of cod (1), 
GAM 1: logit(p) = s(Mo) + s(La) + s(Lo) + s(D) + s(Q) + s(T) + S + s(DS) + Yr,   (4.1) 
where p is the probability of encountering a cod in a trap, s is a non-linear thin-plate smoothing 
function, Mo is the nominal month (1-12), La and Lo are latitude and longitude, respectively, D 
is Depth (m), Q is quantity of lobster in trap, S is sediment, T is soak time, DS is distance to 
shore (km), and Yr is year (2006-2013). All smoothed terms were given 5 knots (maximum 
degrees of freedom) to balance flexibility with predictive capacity (Tanaka et al., 2017). The 
second stage GAM (2) modelled abundance (M) conditional on presence using an identity-link 
function, and log-transformed catch data (Ohshimo et al. 2016). 
GAM 2: E(log(M)) = s(Mo) + s(La) + s(Lo) + s(D) + s(Q) + s(T) + S + s(DS) + Yr.         (4.2) 
Predictions from both stages were then multiplied to produce a standardized zonal monthly 
BCPUE, a (3), where “sig” is the standard deviation of the random error of (2) on a log-scale. 
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E(a) = p * exp(E(log(M)) * exp(0.5 * sig2)),                   (4.3) 
Covariates for final models were selected using a modified step-wise selection approach. Each 
GAM was first fitted using all available covariates. After each fitting, the least significant 
covariate was selected (highest P-value) until all were significant All models obligatorily 
included the covariates month and year regardless of significance (P-value) as they are needed 
for temporal standardization. Given a large sample size, it was expected that some covariates 
although significant, may contribute little explanatory power, thus sequentially selected models 
must have improved percent deviance explained by at least 0.1%.  
To account for uncertainty, models were bootstrapped to generate a distribution of 
average zonal/monthly standardized CPUE’s over the study period (Figure 4.3). Zonal data were 
sampled randomly n-times (to maintain zonal sample size) with replacement before fitting and 
prediction. For each sample, overall zonal covariate means (and most common sediment type) 
were held fixed after model fitting. Standardized CPUE was based on the temporal covariates 
(year and month) and the remaining fixed covariates over the study period. This process was 
repeated 1000 times, generating distributions of zonal-monthly average standardized BCPUE’s.  
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Figure 4.3. Modelling and bootstrap flowchart for estimating magnitude of Atlantic Cod (Gadus 
morhua) discards in the Maine American lobster (Homarus americanus) fishery. P-A= presence-
absence, AB=Abundance, and n=total sea sampling trap hauls for a given zone. 
Standardized lobster CPUE 
Building off previous work (Boenish and Chen 2018a), we used mass (kg) of legal 
lobster per trap as the response variable for standardized lobster CPUE. Thus, for this metric sea 
sampling data were subset to include only individual lobster within the legal size range (83-128 
mm carapace length), lacking of v-notch (a method in the GOM that protects sexually mature 
females), and lacking visible eggs (lobster with visible eggs must be discarded regardless of 
size). Of the subset, we make the implicit assumption that all legal lobsters are kept. In the Maine 
fishery, there is not a daily limit or quota, so processes such as high grading (releasing small 
individuals in favor of larger, more profitable ones) were considered negligible. Using carapace 
length and GOM allometric parameters from the 2015 lobster benchmark assessment (Atlantic 
States Marine Fisheries Commission 2015), we calculated mass for each legal lobster (4), and 
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aggregated all lobsters by individual trap ID number. This produced the metric: mass of legal 
(landed) lobster per trap (hereby “lobster CPUEz, t”). 
𝑴 = 𝟔. 𝟖𝟓𝟖𝟏𝟔 ∗ 𝟏𝟎−𝟕 ∗ 𝑪𝑳𝟑.𝟎𝟐𝟎𝟗𝟕𝟖,            (4.4)            
where CL is the carapace length measured in mm. These data were then modeled with the 2-
stage GAM. All individual traps from the dataset (n= 247,807) were included in this analysis. 
The selection process and all covariates in the full lobster model were the same as cod with the 
exception of Q. Due to high variance inflation factor between Latitude and Longitude (>4), we 
used a thin-plate tensor to account for interaction effects. Standardized lobster CPUEz,t values 
were generated identically as for BCPUEs. We justified 1000 as sufficient for the bootstrap from 
an analysis of the stabilization of model output medians and CVs. Distributions of average 
monthly standardized CPUE’s and BCPUE’s were tested for normality with the Shapiro-Wilkes 
normality test.   
Confidence intervals of zonal-monthly discards 
Zonal-monthly landings data, 𝐿𝑎𝑛𝑑𝑖𝑛𝑔𝑠𝑧,𝑡, were obtained from the Maine DMR. Due to 
confidentiality issues, we were unable to use a small proportion (<1%) of data from the less-
sampled winter months. These data were interpolated by averaging catch of neighboring months 
and years. Conceptually, multiplication of Effective Effortz,t (as in Boenish & Chen 2018b), 
𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑬𝒇𝒇𝒐𝒓𝒕𝒛,𝒕   = 𝑳𝒂𝒏𝒅𝒊𝒏𝒈𝒔𝒛,𝒕/𝑪𝑷𝑼𝑬𝒛,𝒕                                              (4.5)  
by the relative BCPUEz,t gives an estimate of discards, 
𝑫𝒊𝒔𝒄𝒂𝒓𝒅𝒔𝒛,𝒕 = 𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑬𝒇𝒇𝒐𝒓𝒕𝒛,𝒕 ∗ 𝑩𝑪𝑷𝑼𝑬(𝑪)𝒛,𝒕.                                                      (4.6)          
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However, both CPUEz,t and BCPUEz,t are bootstrap distributions, so presenting a simple 
quotient was not appropriate to account for uncertainty. Hayya et al. (1975) demonstrated the 
ratio of two normal distributions is not normal at the 95% significance level given the numerator 
CV is < 0.19 and denominator CV is ≥ 0.0. Confidence intervals of total zonal-monthly discards 
were constructed using methods adapted from (Fieller 1954) and (Motulsky 1995) along the lines 
of (4.7). The Fieller method is used to approximate a confidence interval of a quotient comprised 
of two roughly Gaussian processes. Instead of multiplying Effective Effort by BCPUE per se, we 
rearrange (4.6) to: 
 𝑬𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑬𝒇𝒇𝒐𝒓𝒕𝒛,𝒕 = 𝑳𝒂𝒏𝒅𝒊𝒏𝒈𝒔𝒛,𝒕 ∗
𝟏
𝑪𝑷𝑼𝑬𝒛,𝒕
,          (4.7) 
thereby rearranging (6) to: 
𝑫𝒊𝒔𝒄𝒂𝒓𝒅𝒔𝒛,𝒕 = 𝑳𝒂𝒏𝒅𝒊𝒏𝒈𝒔𝒛,𝒕 ∗
𝑩𝑪𝑷𝑼𝑬𝒛,𝒕
𝑪𝑷𝑼𝑬𝒛,𝒕
 ,                  (4.8) 
where landings are essentially multiplied by the ratio of standardized catch rates. To account for 
uncertainty of this quotient, (i.e. the CI’s of each distribution), Fieller’s method can be used to 
approximate a 95% CI of 𝑄 =
𝐵𝐶𝑃𝑈𝐸𝑧,𝑡
𝐶𝑃𝑈𝐸𝑧,𝑡
, by the following:  
𝒈 = (𝒕∗ ∗
𝑺𝑬𝑩
𝑩
)
𝟐
,           (4.9) 
Where 𝑔 is the intermediate variable, t* is the desired t-statistic, A = mean BCPUEz,t, B= mean 
CPUEz,t, and SEA, SEB are the standard errors of A and B, respectively. The Fieller standard 
error of Q, SEQ, can be given by: 
𝑺𝑬𝑸 =
𝑸
𝟏−𝒈
∗ √(𝟏 − 𝒈) ∗
𝑺𝑬𝑨
𝟐
𝑨𝟐
+
𝑺𝑬𝑩
𝟐
𝑩𝟐
        (4.10) 
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Finally, for each month in the zonal models, the 95% CI of Qz,t is given by: 
𝑸
𝟏−𝒈
− 𝒕∗ ∗ 𝑺𝑬𝑸  𝒕𝒐  
𝑸
𝟏−𝒈
+ 𝒕∗ ∗ 𝑺𝑬𝑸.         (4.11) 
The upper and lower end of each CI are then multiplied by Landingsz,t to estimate a range of total 
discards for each month (Figure 4.3). 
 
RESULTS 
Final first stage Atlantic Cod models averaged 2.29 covariates out of a possible total of 7 
(excluding month and year) with deviance explained ranging from (5.6%) to (15.4%) (Table 1). 
The number of lobster in a trap was the most frequent covariate included in final models (100%). 
Following these, latitude and longitude were included in (57.1% and 42.8% respectively), with 
depth, sediment, and distance to shore being only included in (14.3%), and soak time in (0%). 
All second stage cod models were insignificant (P > 0.05), and subsequently were not used in 
bycatch estimation. Thus, for Atlantic Cod, models were essentially reduced to binomial, which 
is indicative of the nature of their bycatch.  
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Table 4.1. Final model covariates and deviance explained for American Lobster (Homarus 
americanus) and Atlantic Cod (Gadus morhua) by Maine zone (A-G). Covariates included in 
the final model are denoted with an (x). Minus (-) signs represent covariates removed in model 
selection, and black represents covariates omitted from initial selection. 
Model Zone Year Month Latitude Longitude Depth Number 
of 
Lobster 
Sediment Soak 
Time 
Distance 
to Shore 
Deviance 
explained 
% 
Lobster 
GAM 1 A X X X X -  - 
 
X X 10.7 
 B X X X X X  - 
 
X X 15.7 
 C X X X X X  - 
 
X - 16.7 
 D X X X X X  - 
 
X X 10.4 
 E X X X X X  - 
 
X - 6.1 
 F X X X X X  - 
 
X - 4.6 
  G X X X X X  X 
 
X X 5.4 
Lobster 
GAM 2 A X X X X X  - 
 
X X 28.3 
 B X X X X X  X 
 
X X 27.2 
 C X X X X X  X 
 
X X 28.8 
 D X X X X X  X 
 
X X 19.0 
 E X X X X X  - 
 
- - 10.1 
 F X X X X X  - 
 
- - 7.6 
  G X X X X X  X 
 
X X 14.6 
Cod 
GAM 1 A X X - - - X - 
 
- - 6.2 
 B X X - X X X - 
 
- - 15.4 
 C X X X - - X - 
 
- - 12.9 
 D X X X - - X - 
 
- - 8.8 
 E X X X X - X - 
 
- - 11.5 
 F X X - X - X X 
 
- - 14.1 
  G X X X - - X - 
 
- X 5.6 
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Lobster first stage models included an average of 4.6 covariates out of 6 with deviance 
explained ranging from (4.6 – 16.7%) (Table 1). Soak time, latitude, and longitude were 
significant in all first stage lobster models. Sediment was the least included covariate (14.3%), 
followed by distance to shore (57.1%). Lobster second stage models showed similar variability 
to the first stage. While latitude, longitude, and depth, were included in all final models, soak 
time, sediment, and distance to shore were included only in 71.4, 57.1, and 71.4%, respectively. 
All first and second stage lobster models were statistically significant (P < 0.05). Percent 
deviance explained was higher for the second stage model (7.6- 28.8%), and generally, lobster 
models exhibited a higher percent deviance explained than cod models. 
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Figure 4.4. Time series of zonal BCPUE / CPUE ratios with shaded 95% confidence intervals 
(shaded) for Maine American Lobster (Homarus americanus) management zones (A-G) for 
years 2006-2013. 
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BCPUE ratios for the study years remained consistent, though have generally decreased 
since 2006 (Fig. 4.4). Winter and spring (December-May) months had an elevated BCPUE ratio 
(roughly an order of magnitude) compared to summer and fall. Lobster CPUE resembled a 
negative sinusoidal pattern, experiencing the lowest catch rates in Mar-April and the highest 
rates in September-October (Fig. 4.5). Summer and fall months exhibited more variation 
between study years than the rest of the year.  Over all zones and study years, the composite 
bycatch rate for cod was low, averaging 7.5 – 7.8 Atlantic Cod caught per 10,000 trap hauls. 
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Figure 4.5. Example box plot of Zone G BCPUE, CPUE, and bycatch ratio (median) for years 
2006-2013. Box represents inter-annual variation over study years. Zone G monthly lobster 
CPUE was adapted from Boenish and Chen, 2018. 
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Total discards were dominated by the temporal magnitude of lobster effort more so than 
relative Atlantic Cod bycatch rates (Figure 4.6). January – April experienced the highest 
BCPUE, but resulted in the fewest discards. Total discards followed an increasing trajectory 
through August. Throughout the time series, the highest predicted number of discards occurred 
in the summer, typically about 3-5 times the magnitude of winter and early spring months (Fig 
7.). Monthly aggregated total discards exhibited a similar sinusoidal pattern to standardized 
lobster CPUE’s and effective effort, suggesting that the bycatch dynamics are predominantly 
lobster effort driven (Figures 4.5 & 4.6). In most zones, November exhibited a sharp decrease, 
followed by further decrease through December, which was among the consistently lowest 
discard months. Discards were estimated to be highest in 2006, with subsequent years 
experiencing a decrease and the most recent years (2011-13) relatively stable (Figures 4.6 & 
Table 4.2). Interestingly, while the east and west caught similar magnitudes of discards (52.6% 
to 47.4%, respectively), over the same period effective effort was 2.49 - fold higher in the east.  
This is explained via Atlantic Cod catch rates being higher in the west, but more effort being 
expended in the east (Fig. 4.7).  
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Table 4.2. Model predicted 95% bootstrap confidence intervals of cod caught per 10,000 
trap hauls for Maine American lobster (Homarus americanus) by year 2006-2013 (pooled 
across zones A-G). 
Year 
Cod per 10,000 
trap hauls 
2006 14.2 – 14.8 
2007 8.6 – 9.1 
2008 9.1 – 9.7 
2009 5.9 – 6.2 
2010 4.3 – 4.6 
2011 7.3 – 7.8 
2012 5.5 – 5.7                         
2013 5.3 – 5.5 
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Figure 4.6. Cumulative zonal (A-G) monthly pooled Atlantic Cod (Gadus morhua) discard 
estimates (median) from 2006-2013. The x-axes correspond to month delineations. 
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Figure 4.7. Annual 95% Atlantic cod (Gadus morhua) monthly bycatch confidence intervals by 
Maine American lobster (Homarus americanus) management zone (A-G) for years 2006-2013. 
Tick mark position corresponds to January 1st of the labeled year.  
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DISCUSSION 
BCPUE was consistent with the contemporary understanding that GOM cod generally 
belong to either a winter or spring spawning complex (Ames 2004), but unexpectedly, the total 
magnitude of discards peaked when the catch rate was at or near the lowest levels of the year 
(summer and fall). In the winter and early spring, when BCPUE is relatively high, reduced 
inshore lobster effort produced an overall lower magnitude of bycatch. This suggests a mismatch 
exists between cod and lobster interaction timing (Figure 4.5). Clearly, the summer and fall 
increase in lobster effort is sufficient to overcome the exceptionally low BCPUE’s. 
Accompanying the inshore migration of lobster, a decreased technical limitation exists in these 
months (less distance travelled required for catches, more favorable weather), thus supporting the 
increase in summer effort by over one level of magnitude. 
Given that adult cod are largely picivores (Fahay et al. 1999), species-specific chemical 
cues from bait may attract cod at different rates. For preservation, much of the herring caught 
and used for bait in Maine are salted, and from some fishermen there is speculation that catch 
rates can change because of bait being salted. This analysis implicitly assumes that ‘average’ bait 
was used across the GOM, and baiting dynamics did not significantly change during our study 
period. We believe this assumption is reasonable based on the evidence that herring (Clupea 
harengus) is and has been the most popular bait in the lobster fishery, comprising over 90% of 
bait used (NMFS 2013), with most of the remainder coming from other fish species. Herring 
from lobster traps has been argued to comprise a substantial part of the diet for sublegal lobster 
(Grabowski et al. 2010) and is known as a common prey item for Atlantic Cod (Stevenson, D. 
K.; Scott 2005).    
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Among the more surprising results, soak time was not significant in any cod model. 
Multiple modeling efforts have used soak time as a covariate in modelling with mixed success 
(Stiansen et al., 2008; Tremblay & Smith, 2001). Over the course of a soak, catchability likely 
changes, and it has been argued that the effective fishing area can be estimated in part, based on 
the size of bait plume (Collins 2002), thus how a trap ‘fishes’ changes as a function of multiple 
processes including soak time, temperature, and current speed. In addition, density dependent 
effects may increase or decrease catchability of both lobster and cod and these effects may vary 
seasonally, ontogenetically, or by sex. For cod, it is unclear as to whether the primary attractant 
is bait or the presence of juvenile crabs and lobsters in traps. Additionally, we found that it was 
unlikely to catch a cod when large numbers of lobster are present in a trap. It is unclear if there is 
an exclusion effect, and if there is, which species is responsible for the exclusion. Interestingly, 
when lobster catch rates are the highest (summer and fall), cod catch rates are the lowest. This 
may support the idea that herring is the driving mechanism of attracting cod, but equally, 
standardized CPUEs suggest that cod simply occupy the inshore waters less in the summer and 
fall. When lobsters cease inshore residence in the winter and spring months (Wahle and Steneck 
1991), lobstermen without possession of a federal permit are not permitted to fish outside the 
5.56 km state fishing boundary and many do not fish the inshore water through the winter, thus 
inshore effort drops off dramatically during the time when cod are occupying the inshore region.  
Our work aimed to employ covariates that were predominantly included in the survey 
data (all except sediment), and were consistent with other approaches of catch rate 
standardization in the literature. There are both advantages and disadvantages in using 
predominantly survey-collected covariates. One benefit is that interpolation (and the associated 
error) is limited, which suggests high data confidence. Conversely, most analyses are limited to 
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what is included in the survey design, and potentially important covariates could be excluded. 
Based on prior literature, we determined that a measurement of sediment should be included in 
the full model, but unfortunately no sediment measurements are made in the sea sampling 
survey. We chose to use the best available and complete United States Geological Survey 
sediment layer (Poppe et al., 2014), but recognize it provides only moderate resolution, thus has 
limitations.   
Model choice and complexity should be well thought out for each application. Some 
trains of thought suggest models should have few covariates (Gelman & Rubin, 1995), while 
others tend to be on the side of more complex models (Zuur, et al., 2009). In this study, we 
aimed to provide a balance based on the reality that the Maine lobster fishery in particular has 
received surprisingly few modelling efforts (Chen and Wilson 2006). In terms of teasing apart 
what portion of the covariates may be correlative versus mechanistic, the full models teeter 
between exploratory and predictive approaches. Considering spatial and oceanographic 
covariates such as latitude vs. depth, the complex and heterogeneous coastline poses a 
formidable challenge for interpretation of model results. For this study, we argue that a simple 
lat-long conglomerate position along the NE sloping Maine coast is not sufficient to capture the 
complexity of the coastline and we recognize that spatial relationships between zones are not 
constant, probably due in a large part to this complexity. Observed nonstationarity and the 
relative even way in which the seven management zones break up the coast lend additional 
support for a quasi-stationary approach. 
This study relies heavily on data generated by the DMR sea sampling survey. Although 
fishery-dependent, this survey is the most comprehensive, applicable, and data-rich in the state of 
Maine. Prior to 2006, the survey did not explicitly note finfish bycatch. We chose the terminal 
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year of 2013 mainly for two reasons: 1. After 2013, the survey changed portions of the data 
collection format, and 2. Atlantic Cod bycatch was largely brought to attention in 2013. As the 
survey is voluntary, after the potential issue of Atlantic Cod bycatch was brought to light, 
individuals catching more Atlantic Cod may have elected not to volunteer due to fears of 
“biasing” the estimate of bycatch. While the approach developed here does not assume data are 
random, it does assume that particular points of interest are not consciously omitted (i.e., not 
directionally biased). We also make the distinction that while complete random sampling of the 
fishery is not necessary, coverage of the spectrum of fishing practices and catch rates is needed 
for the model bootstrap process to consider a realistic distribution of the fishery efforts. 
This study does not include any estimation of Atlantic Cod discard mortality but we 
suggest that focused work on this issue should be a high priority in evaluating the consequences 
of Atlantic Cod bycatch in the Maine lobster fishery. Although the sea sampling dataset contains 
rough estimates of the length composition of Atlantic Cod discards, better spatiotemporal 
understanding of catch composition would aid in estimation of size and age classes most 
frequently caught. From available data, we speculate the majority of Atlantic Cod caught in the 
lobster fishery are immature or approaching maturity (2-4 years old) (unpublished data).   
The relative catch rates of the target and bycatch species need to be considered when 
evaluating outputs from this methodology. Confidence intervals of ratios can become sensitive to 
zeros or small changes in either the numerator or denominator (Zhu, W. et al., 2010). 
Considering for example a situation where catch of the target species is highly variable inside the 
chosen spatiotemporal resolution, a wide distribution CPUE or BCPUE can make ratio CIs 
uninformative. Particularly with seasonally migrating species, choice of spatiotemporal scale 
(extent) should be done in a way that reduces variance, but allows resolution sufficient to 
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monitor fishery dynamics. We believe in most situations it is more likely that the BCPUE will be 
more variable than the target species, but regardless, the investigator should consider what may 
be acceptable CVs for both distributions.  
Bycatch represents the non-random interactions of two species occupying the same space, 
as well as effort from the fishery, thus nominal CPUE is not appropriate even in the hypothetical 
situation in which spatiotemporal bycatch distribution is homogeneous. Standardization of CPUE 
theoretically provides an unbiased measurement of relative abundance, but to be applicable for 
management, the methods should be tailored and consider oceanographic dynamics and the 
fishery itself (Campbell, 2016). Further, although the assessment might make a broad, static 
geographical assumption of a ‘unit stock’, quasi-stationary standardization of CPUE from 
fishery-dependent or –independent surveys can have more flexibility to consider spatial or 
temporal variability. For instance, a stock may be defined as inhabiting an expansive region, but 
through processes incompletely explained by total abundance (density-dependence, differential 
catchability), could inhabit different areas in different years. Thus, a stock’s spatial extent may 
not be identical for any given year. Spatially and temporally-explicit methodologies considering 
smaller extents of the complete ‘stock area’ will have advantages in fisheries which are less 
predictable on a year to year basis. Our results justify and encourage consideration of process 
non-stationarity in fishery CPUE standardization, especially in cases where a fishery occurs over 
significant oceanographic gradients or in the presence of year to year variability.  
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5. RE-EVALUATING ATLANTIC COD MORTALITY INCLUDING LOBSTER 
BYCATCH: WHERE COULD WE BE TODAY? 
CHAPTER ABSTRACT 
Globally, the largest contributor to poor fishery stock status is overfishing. Atlantic cod 
(Gadus morhua) in the Gulf of Maine (GoM), USA once served as a regionally important 
fishery, but has been serially depleted to <5% of historic spawning stock biomass. Recent 
management efforts to rebuild GoM cod have largely failed and model diagnostics remain poor.  
We test the hypothesis that unaccounted bycatch of Atlantic cod in the Maine American lobster 
(Homarus americanus) fishery is a substantial missing piece in the GoM Atlantic cod 
assessment. Building from prior work, we integrated multiple scenarios of hind-casted discards 
into the two accepted regional cod assessment models (constant and time-varying natural 
mortality) from 1982-2016. We found incorporation of discards modestly improved diagnostics 
(Mohn’s rho) for both models (10-15%). Similarly, estimates of spawning stock biomass 
increased ~4%, while fishing mortality decreased ~9% on average over the time series (median 
discard scenario). An evaluation of longitudinal model bias suggests that the stock dynamics 
shifted in the mid 1990’s, thus alternative modelling approaches or specifications may be 
warranted. We highlight the importance of full accounting of fisheries catch and the need for 
better, more comprehensive estimation of all sources of fisheries mortality.  
INTRODUCTION 
Fisheries-dependent data provide critical information that are intended to inform 
managers on progress towards sustainable management. Stock assessment models by necessity 
make many assumptions, but at the core include complete knowledge of fisheries removals 
(Rudd and Branch 2017). Particularly in more data-rich and age-structured models, missing parts 
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of catch can precipitate inaccurate advice and impair diagnostics. These include high model 
sensitivity, and retrospective problems (Miller and Legault 2017). Coincidentally, such 
diagnostics might be used to prescribe more conservative catch limits (i.e., applying the 
precautionary principle). Thus, a comprehensive understanding of the complete fishery removals 
ultimately can aid in an improved model, thus enabling more informed management decision 
making. 
Generally, fishermen are more likely to under- than over-report catches (Zeller et al. 
2017). This can result from many factors, some of which include extra paperwork for landing 
unwanted catch, inability to sell individual species, hard quotas (the practice of high-grading) 
(Anderson 1994), and thoughts that if they report more fish, management is likely to prescribe 
less future fishing opportunity. Recent management regulation to more fully account for catch 
and discards (reduce uncertainty and ‘waste’) have increased in some areas such as the European 
Union (European Parliment 2015).  
Because of natural system complexity and the simplifications necessary in ecosystem or 
stock assessment models, accounting for total fishery mortality is one of the most trackable goals 
for improving the quality of assessment model output. There is a significant body of simulation 
and empirical work documenting the consequences and implications of misreported catch. Rudd 
& Branch (2017) found that if missing data is relatively constant (e.g., a systematic misreporting 
of 10% below actual catch), relative estimates of stock status are unbiased. Further, changes in 
the proportion of misreporting tended to produce more bias than either under- or over-reporting 
catches. Realistically, fish stocks do not exist in a vacuum, and as other fisheries (and 
populations) ebb and flow as part of dynamic systems, it is unlikely that a missing part of catch 
(or by extension, mortality) remains proportional through a longer time series.  
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To deal with these types of problems, recent work has explored the possibility of 
estimating total catches post-hoc. Van Beveren et al. (2017) built off work by Cadigan (2016) to 
develop an age-based censored catch model for Atlantic mackerel (Scomber scombrus) to 
account for varying, and unknown underreporting. Myers et al. (1997) tested the hypothesis that 
in Eastern Canadian cod stocks, unaccounted misreporting and discarding of younger cod (age 2-
4) might have contributed to overestimation of biomass and underestimation of fishing mortality, 
resulting in over-estimation of total allowable catch. In the case study, they conservatively 
estimated that 33% of the younger cod were discarded, but not reported in years where overall 
fishing mortality was high. Overharvest, thus by extension catch accounting, was a significant 
contributor to the poor model diagnostics of Canadian Atlantic mackerel and collapse of Scotian 
cod stocks.  
The current state of western North Atlantic cod stocks is poor, with spawning stock 
biomass less than 5% of recent ‘historic’ (Steneck 1997, Spiess and Lewis 2001) levels (Palmer 
2017). Even before the collapse in 1992, largely thought to result from a perfect storm of 
anthropogenic (Hutchings & Myers 1994; Hutchings 1996; Myers et al. 1997), ecological (Ames 
2004, Steneck and Wahle 2013), and climatic events (Planque et al. 1999, Drinkwater 2005, 
Fogarty et al. 2008), the stock appears to have experienced a ‘shifting baseline’ (defined as in 
Pauly (1995)). Additionally, it was suggested in (Steneck 1997) and quantified in (Zhang and 
Chen 2007) that a phase shift (change in dominance sensu Done 1992) has occurred, shifting the 
GoM from a groundfish to a crustacean/ small predatory fish-dominated ecological state. While 
many issues plague this stock, one potentially important missing piece is catch and discarding 
(and subsequent mortality) of younger age classes of cod from the GoM American lobster 
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fisheries. Although moderate levels of cod discarding from the Maine state lobster fishery take 
place (Boenish and Chen, 2018), this mortality is not included in the GoM cod stock assessment.  
The magnitude of unreported catch of the Gulf of Maine (GoM) Atlantic cod stock is 
poorly characterized (See Chapter 2), but could potentially be significant and contribute to the 
poor diagnostics of the GoM cod assessment model. Here, we build off the previous work to 
quantify the impacts of incorporating ‘new’ catch data by retroactively including lobster bycatch 
into the cod stock assessment. We hypothesize that more accurate estimates of bycatch can 
improve present and past stock assessment diagnostics, and provide higher confidence in 
predictions. Further, we hypothesize that incorporation of this catch can provide a more 
optimistic view of GoM cod status (higher spawning stock biomass, lower fishing mortality). 
METHODS 
Estimation of historic discards 
Given previous work (Boenish and Chen 2018) quantifying Maine cod discards from 
2006-2013, some interpolation was needed to make estimations for previous and following years. 
As bycatch is functionally the occurrence of non-target organism presence and fishing effort, we 
used ancillary survey and lobster assessment information to parameterize our model. Ultimately, 
we estimated discards for the full temporal extent of the cod assessment (1982-2017). Boenish 
and Chen (2018) estimated 2006-2013 effective lobster fishing effort, Ef, in Maine, and given its 
theoretically linear relationship to Effective exploitation rate, Ee, which was available from 
1982-2013 in the lobster stock assessment (Atlantic States Marine Fisheries Commission 2015), 
a linear regression was used to relate the two values. 
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The regression (r2=0.50, p <0.05) was conditioned with data from 2006-2013, then 
projected backwards to 1982, and forward through 2016. We then assumed a functional density-
dependent relationship between lobster fishery effort and the geometric mean of fishery-
independent surveys used in the most recent operational assessment for cod aged 1-5 (Palmer 
2017). 
𝐷𝑖𝑠𝑐𝑎𝑟𝑑𝑠 = 𝑠( Ef * Cod abundance),                   (5.1) 
where s is a scaler. The estimated discards (50th and 95th bootstrap percentiles) from 2006-2013 
were used as the ‘true’ and ‘high’ values.  
Discards at age 
Due to the age-structure of input data for the current GoM cod model, estimates for 
discard proportion at age were needed for assessment simulation. We sought to apply a regional 
and year-specific age distribution based on evidence that regional or temporal ‘borrowing of age 
length keys’ produces biased estimates of fish age composition (Aanes and Vølstad 2015), and 
further, Atlantic cod growth and maturity rates have varied over the stock assessment time series 
(NEFSC 2013a). Traditional methods of estimating age-length keys based off methods by 
(Fridriksson 1934), depend on a large sample size and the assumptions that growth rates and age 
composition are identical between the ‘known’ and ‘unknown’ aged samples (Hoenig & Heisey 
1987). As relative growth rates of cod have changed over the time series of the assessment 
(1982-2016) it was advisable to construct year-specific proportion at age. 
The NEFSC trawl survey data from 1982-2016 (n = 3248) were subset to include only 
cod that were within the zonal lobster boundaries (Figure 5.1). Boundaries were taken from the 
shapefile available at  http://www.maine.gov/dmr/science-
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research/species/lobster/zonemaps.html. For the development of the reverse age-length keys, we 
subset NEFSC trawl survey data to include only individuals shorter than 78 cm. Effectively, this 
set the size limit in our simulation as to what size cod could realistically fit in a trap. The upper 
limit was set based on the available data from the Maine Department of Marine Resources Sea 
Sampling Program (Maine DMR) since 2006. Samplers currently have a fish measurement 
board, but rely on the standardized mesh size on traps to estimate length. Discarded cod are held 
up to a trap and the number of meshes is recorded. From our previous work (Runnebaum and 
Boenish, unpublished data), cod discard length ranged from 36- 70 cm. Comparison with our 
field data suggested similar sizes and distributions were caught in both surveys (Figure 5.2, 
Supplementary Table 1) and lobster trap size constraints are indeed selective. Due to the 
distribution similarities, we decided to use length data from the Sea Sampling survey in our 
analysis (the order of magnitude increase in sample size justified the losses in precision).   
Using available length distribution data from the Sea Sampling survey, and from a 
‘Maine’ subset of the Spring/Fall NOAA trawl surveys (Figure 5.1), we constructed forward-
reverse Age-length keys using methods adapted from Hoenig & Heisey (1987) using the R 
package ALKr (Loff et al. 2014). This method uses the iterative expectation-maximization 
algorithm (Dempster et al. 1977) to calculate maximum likelihood estimates for the proportion of 
unobserved ages, given one sample of age-length data, and another with length data only. 
Implicit was the assumption that the length frequency of discarded cod was primarily constrained 
by the physical limitation imposed by lobster trap entrances (i.e. sampling of the same 
population).  
The magnitude of discards at age was estimated by multiplying the year-specific 
proportions at age by the hindcasted estimates of discards per year (Figure 5.3). The number-at-
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age estimates were multiplied by the weight at age matrix available from (Palmer 2017). 
Although there is some mass information available from the raw NOAA trawl survey data, it 
does not extend back through the entire time series. We recognize the assumption that cod mass 
at age was identical to the GoM-wide values, but we argue it is reasonable given limited 
historical data. 
Levels of discard retention 
To simulate different scenarios of discards, we used the median and upper 95th percentile 
bootstrap estimates from Chapter 4 (Boenish and Chen, 2018) as total discards, and the levels of 
50 and 100% as discard mortality. These levels were chosen because they represent a spectrum 
of plausible discard scenarios from the inshore Maine lobster fishery. Given no published 
estimate of delayed mortality rates, and the fate of cod bycatch (handling methods and release 
protocols) is likely varied and uncertain. We set a minimum scenario of 50% mortality as a 
reasonable low mortality scenario for model simulations.   
Assessment simulations 
Assessment simulations were conducted using the program ASAP (Restrepo and Legault 
1998). ASAP 4.0 is a relatively flexible statistical catch at age model (Miller and Legault 2015), 
and is the current model for the GoM cod assessment. Since the benchmark in 2012 (NEFSC 
2013b), a similar formulation of ASAP has been used for update assessments. The current 
formulation includes one catch fleet (commercial and recreational catch are combined), and three 
trawl survey indices (Spring and Fall National Marine Fisheries Service trawl surveys, and the 
inshore Massachusetts Spring trawl survey). Since 1982, the catch data has been broken into 
three simple logistic selectivity blocks (1982-1988; 1989-2004; 2005-2016), each estimated 
internally in ASAP.  
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We created a second fleet, ‘discards’, with hindcasted scenarios of discard magnitude and 
mortality spanning 1982-present. For the discard fleet, we created 3 (ages 1-5) age-specific 
selectivity blocks (Appendix E) and tuned the model based on estimated degrees of freedom and 
residual patterns (as would be done in a customary assessment). Simulations were broadly 
characterized into two classes: current comparisons and counterfactual analyses. The ASAP 
control files from the 2017 operational assessment (Palmer 2017) were used as base models 
(Appendix E). These current models use two similar formulations of ASAP with different 
assumptions of natural mortality, M. The first model (hereafter “M=0.2”) assumes M=0.2 while 
the second (hereafter “MRAMP”) assumes a linear increase in M from 0.2-0.4 over the period of 
1988 – 2003, with other model settings remaining unchanged. In recent years, the MRAMP 
model has produced overall less severe diagnostic issues (Palmer 2015).   
Model evaluation 
To compare overall difference in time series trends of biological and fishery status, 
simulations were run with incorporation of discards throughout the entire assessment time 
series(1982-2016). We developed a counterfactual approach centered on moving window 
estimation of Mohn’s ρ (5.2) (formulated as in Deroba, 2014),  
?̌?(𝜽) =  
𝟏
𝑷
∑ 𝝆𝒕(𝜽)
𝑷
𝒕=𝟏                                                                                                                  (5.2) 
 where θ is the parameter of interest, P is the number of consecutive years, or “peels” for 
consideration, and  ?̌? is the strength of retrospective pattern. 
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Our extension requires the user to specify two values: interval of the moving window, I, 
and the number of peels. Beginning at the terminal assessment year, 𝑡, ρ is calculated. This 
process is iterated backwards by decreasing 𝑡 by I and calculating Mohn’s ρ with P peels until 
𝑡 − 𝑡0 (beginning data year)  ≤ P.   
For the GoM Atlantic cod assessment we conducted a sensitivity analysis using all 
unique interval and peel combinations, I (1-7) and P (2-9). Analyses were replicated for the base 
and -discard models. A priori, we selected the I=1, P=7 model run for further analyses. Although 
the duration of retrospective peels is somewhat arbitrary, we chose 7 because it is customary for 
many other NEFSC assessments (Deroba 2014, Brooks 2017, Linton 2017). Specifically, 
biological estimates including spawning stock biomass (SSB), fishing mortality (FMULT), and 
exploitable biomass were compared both for the terminal year and historic levels. For each 
counterfactual peel, we recorded new ‘terminal’ estimates of biological points and Mohn’s ρ 
(Figure 5.4). When subtraction of a block changed assessment selectivity structure (e.g., the 
model went from three to two selectivity blocks), we noted changes when evaluating 
retrospective patterns.  
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 Figure 5.1. Location of combined NMFS spring and fall trawl survey tows with positive catch of 
Atlantic cod (Gadus morhua) from 1982-2016 (n= 3248 individual cod). Size of the dots 
correspond to number of individual cod caught in single tow. Note that the 1980’s and 2010s are 
incomplete decades.  
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RESULTS 
To test the hypothesis that unaccounted cod bycatch is an increasingly important 
component of the GoM cod stock, we incorporated bycatch estimates into variations of the 
current cod assessment models.  All ASAP model runs converged, with gradients all <0.001. 
Residual plots and diagnostics for the discard-included runs were overall similar to the current 
accepted stock assessment (control files for all models in Appendix E.6). Consistency was 
checked to make sure base model (M=0.2 and MRAMP) results were exactly equal to those 
published in Palmer (2017).  
 
Figure 5.2. Histogram of (a) Sea Sampling survey (2006-2013) and (b) field data (2014-2016) 
Atlantic cod bycatch length (cm) distributions. ?̅? denotes sample mean, and σ represents 
standard deviation. 
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Figure 5.3. Relative cod age frequencies calculated based on field data (left, n = 26), or Maine 
Department of Marine Resources Sea Sampling Survey data, (right, n = 486). Despite the 
difference in sample size, central tendencies of the two input datasets are similar. The area of 
polygons for each year equals 1.     
To estimate historic age composition of cod, we constructed annual age-length keys. 
Keys for each year converged with a gradient <0.001. Median time series lobster fishery discard 
estimates ranged from 1.1 x 104 – 1.7 x 105 individual cod (2015 and 1982, respectively). 
Assuming the weight-length relationship from the current stock assessment, this amounted to 
overall magnitudes of 0.2 - 10.7% of reported annual commercial and recreational catch (1992 
and 2016, respectively), generally increasing later in the time series (Fig. 5.4b).  The relative 
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proportion of discards from the lobster fishery has increased throughout the time series for ages 
1-5 (Figure 5.5).  
We assumed a static bycatch length composition for the entire discard time-series, but 
note that lobster trap entrance size might have historically changed. Older traps in the Gulf of 
Maine were predominately wooden, but currently the fleet uses exclusively mesh traps 
(McCarron, P., Tetreault 2012). We justify our assumption on two grounds: (1) the legal size of 
lobster in the Gulf of Maine has largely remained static throughout the time series, and (2) we 
could not find well documented descriptions and measurements of historical traps. We believe 
our results are not perturbed by slight misspecification of trap entrance size.  
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Figure 5.4. Time series (1982) percent differences in Atlantic cod (Gadus morhua) biological 
status (Fmult and SSB) (a), and catch composition by mass (b) with inclusion of American 
lobster (Homarus americanus) fishery discards (median discards, 100% mortality scenarios). In 
(a), dotted lines denote M-RAMP model, while solid represent the M=0.2 model. 
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Figure 5.5. Time series of age-specific projected unaccounted Atlantic cod (Gadus morhua) 
discards from Maine American lobster (Homarus americanus) fishery (1982-2016). Percentages 
denote equivalent age-specific unaccounted discards as compared to estimates from Palmer, 
2017. Ages from 6 – 9 were not considered, and hence, omitted.  
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Despite a static length frequency in this study (Figure 5.2), we found composition at age 
changed considerably through the time series, but maintained a central tendency between ages 2-
3. For ages 1- 3, unaccounted discards had increased from <5%, to (20-40%) relative to assumed 
catch in recent years (Fig 5.3; Supplementary Table 2).  Ages 2-4 comprised the highest ages 
proportion of discards by number and mass for most years. Composition of age 5 individuals was 
low for all years, averaging 0.18%, with a maximum of 4.1%. The largest proportion of cod was 
never in either the age 1 or age 5 categories, suggesting the a priori subset of age 1-5 was 
appropriate. Interestingly, modes of discards were near the age at 50% maturity, which are 2.85 
and 2.66 years for males and females, respectively (NEFSC 2013a). The current stock size 
distributions are truncated, as would be expected from heavy fishing pressure; but unexpectedly, 
age at maturity has not experienced a noticeable temporal trend. Thus, the historical (1982-2016) 
proportion of mature discards remained relatively constant. Contrastingly, mass at age declined 
(t-test, p < 0.01) in both the NMFS spring and fall bottom trawl surveys for ages 5-9 only (Figure 
D.2.).  
We are not aware of previous studies that have analyzed retrospective patterns by 
implementation of a moving window. Stock assessment models are generally ‘fit’ by minimizing 
some function of error or likelihood. As more years of data accumulate, models must balance 
parsimony of minimizing error in both early and later time periods. When years are peeled back 
in a retrospective analysis, effectively the relative certainty of error (and bias) for each model 
year necessarily changes. For example, the certainty of the year 2000 is different depending if 
the terminal year is 2016 or 2001 (assuming same general model formulation). Additionally, 
characterization of retrospective peel variance is not trivial due to lack of data independence 
between peels (Miller and Legault 2017). Despite shortfalls, there has yet to be a widely 
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accepted approach to ‘the retrospective problem’ other than variants on Mohn’s rho (Legault 
2008) or a recent comparison of historical assessments (Punt et al. 2018).  
Incorporation of discards most heavily influenced estimation of biological reference 
points since 2011 (Figure 5.4). Deviations of Fmult and SSB were similar for both the MRAMP 
and M=0.2 model variations. Changes in reference points appeared to oscillate at low 
magnitudes (<4%) until more recent years. The largest magnitude of the changes occurred in 
2014 for both MRAMP and M=0.2 models (ΔSSB= +12.20% and +9.94, ΔFmult= -15.70% and -
12.51%, respectively). Addition of discards increased terminal year’s estimates of SSB, and 
decreased estimates of Fmult. SSB and Fmult appeared inversely related throughout, though 
magnitudes of change tended to be more pronounced in the MRAMP models.  
Incorporation of discards precipitated a more optimistic view of the current state of the 
stock. For most years, addition of discards reduced F/Fmsy, and increased SSB/SSBmsy, 
suggesting the stock is closer to management targets than previously supposed (Supplementary 
Figures D.3 - D.6). Notably, addition of discards to the MRAMP scenario changed the stock 
status in 2015 from overfished (depleted below 0.25 SSBMSY) with overfishing occurring, to 
overfished only. This would mark the only year in the time series (either) model, where 
overfishing was not occurring. Terminal year retrospective patterns for SSB, Fmult, Age 1 
numbers, Total stock numbers, and Jan 1 biomass, were evaluated for all models and for each 
measure, addition of discards reduced retrospective patterns (Mohn’s ρ) moderately (Table 5.1). 
The direction of change in ρ was not sensitive to varying degrees of discard input.  
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Table 5.1. Comparison of 7-year peel Mohn’s ρ for base M=0.2 and MRAMP models 
through year 2016 with and without discards (median estimate, 100% mortality) for 5 
biological parameters. Numbers closer to 0 denote an improvement in retrospective pattern 
(reduction of retrospective bias). 
  7-Year peel Mohn’s ρ 
 
Quantity    M=0.2  With Discards  MRAMP With Discards 
Fishing mortality (F) -0.31453 -0.29632 -0.1661 -0.13685 
Spawning Stock 
Biomass (SSB) 
0.52539 0.47921 0.30352 0.2568 
Jan 1 Biomass 0.42627 0.38844 0.25253 0.21231 
Stock # 0.55689 0.50052 0.30745 0.25066 
Age 1 Cod 0.88245 0.80279 0.41306 0.34713 
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Figure 5.6. Gulf of Maine Atlantic cod (Gadus morhua) Spawning Stock Biomass (SSB) and 
Fishing mortality (F) moving window Mohn’s ρ for 5-year peels, M-RAMP and M=0.2 models 
(median lobster discards, 100% discard mortality scenario).  
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Figure 5.7. Absolute difference in fishing mortality and spawning stock biomass moving window 
Mohn’s ρ with addition of lobster fishery discards (median, 100% mortality scenario) for 
MRAMP and M=0.2 models, interval of 1 year, and 7-year peel for 1982-2016. A Δρ of 0 
indicates no improvement of retrospective pattern with addition of discards, while a negative 
value suggests addition of discards reduces the absolute value of retrospective pattern. Red line 
and text represents average change in ρ over time series.  
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Figure 5.8. Absolute difference in fishing mortality (a) and spawning stock biomass (b) moving 
window Mohn’s ρ (7-year peel) between assessment models (M=0.2 and M-RAMP) with and 
without addition of lobster fishery discards (median, 100% mortality scenario) for 1982-2016. A 
Δρ of 0 indicates no improvement of retrospective pattern between models, while a negative 
value MRAMP reduces the absolute value of retrospective pattern. Red text represents average 
change in ρ over time series.  
 
DISCUSSION 
We found that retrospective incorporation of estimated cod discards improved assessment 
diagnostics and our results generally suggest a more optimistic view of the stock with a more 
complete accounting of catch. Though absolute abundance is unlikely to be known and 
incorporating ‘missing catch’ is unlikely to be easily leveraged, incorporating ‘new’ discards can 
optimistically affect biological estimates in a model configuration like GoM cod (though a 
change of reporting rate can interject additional biases (sensu Rudd & Branch 2017)). That is, in 
similar model configurations it would be to the better interest of fishermen to fully report, as a 
more optimistic picture of a stock is more likely to result in higher catch limits or ACLs. Though 
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it should be stated that while more informed decisions may be better in certain cases, higher 
catch limits for heavily depleted stocks may result in less advantageous biological outcomes 
(e.g., slower rebuilding).  
Retrospective analysis 
In the northeastern United States, retrospective patterns (Mohn 1999) are one of the most 
pervasive assessment model diagnostic issues (Miller and Legault 2017). Though a retrospective 
pattern does not by necessity predict directional bias (Deroba 2014), in practice they add to 
model uncertainty, particularly with the setting of responsible catch targets. Most commonly, 
patterns over-estimate stock size and under-estimate fishing mortality (F) for the most recent 
year. The Gulf of Maine (GoM) Atlantic cod stock epitomizes among the most striking example 
of retrospective patterns in the northeastern United States 
In simple models with static catchability and stochastic recruitment functions, stock 
productivity regime changes are ‘in the moment’ difficult to identify. While it is accepted that 
well-determined stock assessment models need historical data contrast (Hilborn and Walters 
1992), and that regime shifts objectively provide said ‘contrast’, the same assumption of density-
dependent growth and/or recruitment is violated in the latter (Steele 1996, Haltuch et al. 2009, 
King et al. 2014).  Following this logic, examination of major trends in retrospective patterns 
may be a way for investigators to identify phenomena such as productivity or ecosystem 
changes. Our results suggest relatively stationary periods between 1982-1997 and 1999-2016. As 
was pointed out in Li et al. (2018), the late 1990’s precipitated a westward shift and contraction 
in the GoM cod stock. The phase shift found to occur in the mid-1990s may therefore be 
captured by the periods of relative stasis. 
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We are not aware of debate between the use of a long time series containing a state 
change, and use of a shorter time series comprised of years in the same state. While longer time 
series are generally accepted as advantageous, if the series transpires during a biological phase 
shift it may perform poorly in comparison to a time series occurring over a more stationary 
community structure (A’mar et al. 2009). The caveat with employing the shorter time series of 
course is an increased difficulty with reference point estimation as the result of fewer years and 
less data contrast. When diagnostics suggest missing mortality, an initial exploration into 
possible anthropogenic or predation mediated mortality is prudent. When this search is over, it is 
common for assessment scientists to make the decision to use the longer times series and apply 
post-hoc changes in growth rate, catchability, or climate index to ‘account’ for a marked change 
of state.  
Full extent of Gulf of Maine cod discards? 
The Maine lobster fishery encompasses marginal overlap with the bulk of GoM cod 
abundance. It also is responsible for the vast majority national lobster landings (83.2% by mass, 
2017 (National Oceanic and Atmospheric Administration 2017). The western portion of the state 
exhibits a higher overall catch rate than the east, though the total magnitudes of discards are 
similar between the two portions of the state (Chapter 4). Based on current understandings of cod 
dynamics in the region, relative bycatch rates would likely be elevated west of Maine (New 
Hampshire and Massachusetts). Because lobster abundance has shifted east in recent decades 
(Pinsky et al. 2013, Tanaka and Chen 2016), lobster catch rates are generally lower further west. 
Therefore, the remaining 16.8% of lobster landings almost certainly come from a higher relative 
effort (trap hauls) and bycatch rate than in eastern Maine. Due to difference in state sampling 
programs, we were not able to incorporate our bycatch estimation methods in other states, but 
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would strongly recommend that estimation efforts be conducted to obtain a more complete 
picture of unaccounted cod mortality. Additionally, the Maine Sea Sampling program does have 
some coverage of offshore lobster effort, but mainly focusses on the inshore fishery. Offshore 
federal data may be used in the future to fine-tune any estimation of discards, and in some cases, 
may help other states with discard estimates. Thus, estimates used in our simulations are almost 
definitely underestimates of true GOM-wide cod discards.  
We expect assessment ramifications of a more comprehensive discard estimate to 
exacerbate the same trends as demonstrated in this paper. This work confirmed our expectations 
that a more complete understanding of discards increases the estimates of current SSB and 
decreases estimates of Fmult. The aforementioned outcomes paradoxically suggest that both the 
groundfish and lobster fleets may in a sense benefit from more precise estimates of discards. On 
one hand, a higher estimate will precipitate a more favorable picture of the cod stock, while it 
may take political pressure temporarily off the lobster fleet (through the ‘good news’ of a higher 
cod spawning stock). Ultimately, this work demonstrates the importance of a full account of 
fishery catch in assessment. Even a small magnitude of discards relative to total cod fishery 
catches, improved model diagnostics. In age-specific models such as ASAP, knowledge of age-
specific bycatch data can be more valuable than total mass of catches. As posited by Myers et al. 
(1997) an age- targeted systematic unaccounted mortality may generate disproportional bias 
compared to the overall catch magnitude.  
Unequivocally, the GoM Atlantic cod fishery has been heavily overfished with 
overfishing occurring nearly (if not) every year since first formally assessed in 1982 (Figures 
D.3. and D.5.). Political and social navigation of these challenges will require further focused 
conservation efforts, and given the environmental uncertainty in the GoM, may never come to 
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fruition. Full accounting for catch is one of the most rectifiable shortfalls of the current 
assessment, but is extremely difficult given current monitoring. As historical data have indicated, 
the current frame of reference for GoM cod has been subjected to a catastrophically shifted 
baseline (Pauly 1995) and stock distribution (Li et al. 2018). Successful rebuilding of the stock 
will not be trivial, and if possible will require concerted trans-industry efforts. Included, will be a 
more complete understanding of stock structure and a more complete account of catch. In 
conclusion, the state of the science is now sufficient to warrant inclusion of cod bycatch in the 
lobster fishery when assessing the cod stock. The magnitude of bycatch is not immense, but 
likely could be significant to hindering rebuilding efforts especially if the stock levels remain 
low. Upon inclusion of the cod bycatch estimates, economic and technical conflicts may arise 
between the groundfish and lobster sectors. Therefore, proactive management action is prudent. 
 
 
 
 
 
 
 
 
 
 
 115 
 
6. POLICY SCENARIOS AND STRATEGIES FOR THE INCLUSION OF LOBSTER 
BYCATCH IN THE GULF OF MAINE ATLANTIC COD STOCK ASSESSMENT 
BACKGROUND  
For three of the past four years, American lobster (Homarus americanus) from the Gulf 
of Maine (GoM) has been the most valuable fishery in the United States (National Oceanic and 
Atmospheric Administration 2017). From 2006 to 2015, Maine lobster landings have increased 
over 60% by mass, and 62% by value (Maine Department of Marine Resources 2017a), and in 
2015, direct landings of lobster were valued at over 600 million dollars. The Maine lobster 
fishery supports many small-scale efforts as catch is a conglomeration of approximately 6000 
individual license holders and is responsible for 83% of the national catch (Maine Department of 
Marine Resources 2017a). Thus, commercial fishing is important to the economy and culture of 
many coastal towns throughout New England, particularly in the State of Maine. 
 Contrasting the recent boom of the lobster fishery is the story of another historic 
northeast species, the Atlantic cod (Gadus morhua). Prized for its flaky white flesh and ease of 
preservation, cod was a staple fishery across Western Europe and North America for millennia 
(Hutchings and Myers 1994, Bourque et al. 2008). As European stocks became depleted, effort 
extended to Canada’s Grand Banks as early as the 15th century, which eventually became the 
largest fishery of any species in the world (Kurlansky 1998). The increased efficiency of fishing 
technology since the late 19th century led to unprecedented catches of cod (Platt 1996, Steneck 
1997, Chapter 1). Due to factors including overfishing, uncertain ecology, and changing ocean 
dynamics, cod in the nearby GoM suffered what is commonly referred to as a “stock collapse”, 
and despite rebuilding efforts has failed to recover.  
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 In attempts to restore depleted stocks and manage fisheries at sustainable levels, fishery 
stock assessment scientists rely on a variety of models to account for different aspects of fish life 
history, stock size, size composition, fishing effort, and reproduction potential. These models 
have become the cornerstone of fisheries management since the seminal work of Ricker (1954 & 
1975), Schaefer (1954), and Beverton and Holt (1957). In contemporary assessments, catch and 
survey data are typically inputted to create an evaluation of the stock status in relation to a 
biomass or economic target (i.e., maximum sustainable yield). If too much fishing is occurring, 
the stock is considered to be experiencing overfishing, and if the stock abundance is too low, the 
stock is considered overfished. Ideally, fisheries scientists and managers aim to provide large 
catches and a productive fishery while maintaining stocks as to not be overfished, or 
experiencing overfishing. To achieve this, substantial time and money is spent on gathering 
accurate survey and catch data. To maintain a healthy, sustainable, and resilient fishery, it is 
essential for managers to have complete data on total catch and realistic assumptions about the 
fish’s biology and distribution. Fishery stock assessment models each have varying assumptions, 
but all rely on the quality of the input data. From a broad perspective, the models can only be as 
accurate and precise as their data. 
A common thread in nearly all fisheries is bycatch. Bycatch is the unintended capture of 
organisms (e.g., fish, crabs, sea birds, sub- or super-legal individuals) in the process of 
harvesting a target species (Zeller & Pauly 2017). Often, organisms which occupy the same area 
as the intended quarry are caught in gear and incur some level of mortality in the process of 
capture. The magnitude of bycatch is fishery and gear dependent, but on a global level, bycatch 
is believed to make up about 10- 20% of global marine catches (but note disagreements and 
difference of definition between Davies et al. 2009 and Zeller et al. 2017). Bycatch itself is not 
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necessarily deleterious to fisheries (although avoidance efforts are required for certain species 
such as marine mammals and sea turtles sensu Burgess et al., 2018; U.S. Fish and Wildlife 
Service Home, 1973), but can lead to misspecifications and bias in stock assessment if it is not 
accurately accounted (Rudd and Branch 2017).  
For every year since 1982, the GoM cod stock has been assessed as overfished, with 
overfishing occurring (Palmer 2017). Currently, estimated spawning stock biomass is only two 
or three percent of the ‘unfished’ (Steneck 1997) stock size (Palmer 2014). Managers have tried 
with no success to rebuild the stock by cutting quota and stipulating recreational moratoria on 
cod landings. GoM Cod is currently caught as a bycatch “choke” species by other fisheries in the 
region, meaning that it serves as the quota reached first in other groundfish fisheries. Usually 
when the allotted quota of a choke species is attained, the fishery that was catching bycatch must 
either buy more quota (if available) to keep fishing their target species, or cease operations until 
management re-opens the fishery (Condie et al. 2014). Bycatch estimates exist for all traditional 
cod capturing fisheries in the GoM including longline, trawl, scallop dredge, and recreational 
fishing (Palmer, 2015), but recent attention has focused on the lobster fishery as a potential 
contributor to unaccounted catch. Due primarily to a very low raw catch rates of cod (< 3 per 
1000 trap hauls; Boenish & Chen, 2018) and the inability to sell any cod incidentally caught, it 
has been assumed that lobster bycatch of cod was and has been negligible. Since 2014 however, 
NOAA has listed its enumeration as a top priority for further study (Palmer 2014). To date, there 
has not been a credible estimate of cod bycatch or mortality rate, and any estimates up until now 
have been relatively speculative.  
A speculative estimate was put forward by the Marine Stewardship Council (MSC) in 
2013 that equated to approximately 10% of the 2013 Annual Catch Limit (ACL) for cod. This 
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was seen as outrageously high and quickly drew harsh criticism from industry and the press (Bell 
2014). Ultimately, the estimate was dismissed as lacking sufficient statistical rigor, but 
highlighted the lack of cod bycatch information from the lobster fishery (which predominantly 
occurs in state waters <5.56 km).  Recently, statistically sound bycatch estimates from the Maine 
lobster fishery ranged from 1.5 -5.6 % of annual cod catch limits between 2006 and 2013 
(Boenish and Chen 2018b).  
 But perhaps more difficult than bycatch estimation is the political navigation required for 
setting catch limits and regulations moving forward. Due to the high economic stakes, 
orchestrating overlapping jurisdictional boundaries across the lobster and groundfish sectors 
would be non-trivial. The harvest of lobster is managed through the Atlantic States Marine 
Fishery Commission (ASMFC), while cod harvest is managed is through the New England 
Fishery Management Council (NEFMC) . In terms of defining regulations and any split of quota 
between different agencies, delineating jurisdictions would be difficult, and it is unclear how to 
navigate cross-agency talks. Additionally, both the lobster and groundfish sectors have political 
interests because any decisions (including maintenance of the status quo) affect the livelihoods 
of their constituents. Effectively, any future quota allocated to the lobster sector would retract 
from the groundfish sector.  
Currently most GoM cod quota is essentially used as a bycatch quota for other groundfish 
species. While cod by itself is not particularly valuable, a small amount of quota could facilitate 
the catch of a much larger value of haddock (Melanogrammus aeglefinus), pollock (Pollachius 
virens), or other groundfish species. Unlike cod, haddock and pollock populations have grown in 
recent years (NEFSC, 2016) (Figure 6.1). Therefore, attributing any catch of cod to the lobster 
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fishery would ultimately have effects that extend beyond simply the mass of cod: there would be 
decreased opportunities for other fisheries.  
 
Figure 6.1. Median estimated spawning stock biomass for Gulf of Maine Atlantic cod, Haddock, 
and Pollock from 1990-2016. Estimates are taken from 2017 operational stock assessment output 
retrieved from https://www.nefsc.noaa.gov/publications/crd/crd1717/ on 3/20/2018. 
 “If cod bycatch is to be included in assessment, can there be any real winners?” 
 Temporal variation in the distribution of non-target species and fishing effort make 
estimation of historical bycatch a challenge, and stationarity of these relationships in a 
‘changing’ GoM (Myers et al. 1997, Pershing et al. 2013, 2015) may further call into question 
prediction of future dynamics. If any new policies are to be implemented, desirably they should 
evaluate uncertainty and longevity of spatiotemporal bycatch variability. This paper will explore 
potential policy channels in aims to produce/encourage/facilitate flexible, proactive, and 
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effective management of the two resources simultaneously. I will provide a synthesis of 
reasonable management strategies and evaluate their ramifications if they were to be applied to 
the management of cod bycatch within the GoM lobster fishery. 
PROPOSALS 
Ignore bycatch, status quo 
We must consider the status quo as essentially the null model from which this discussion 
is based. Currently lobster bycatch is not included in the cod assessment, and given the serious 
diagnostic issues (NEFSC 2013a) with the assessment model as well as the failed fishery 
rebuilding plan, the status quo is not particularly advantageous. There is optimism that 
incorporation of a more realistic picture of fishing mortality may improve management (Chapter 
5 demonstrated that inclusion of all available information in the assessment helps alleviate 
certain diagnostic issues in the assessment). From a legal standpoint, the Magnusson Stevens 
Reauthorization Act dictates that fishery management uses the ‘best available science’ (U.S 
Department of Commerce 2007) but, until recently, reliable bycatch estimates have not been 
available.  
As reliable bycatch data are increasingly made available, there is legal obligation to 
progress from the status quo. If management decisions do not include new information produced 
through bycatch science, then it could be argued that unethical decisions are being made that are 
biased in favor of the lobster industry over the groundfish industry. In each case, multiple 
scenarios should be considered, and it is valid that the relative pros and cons will vary by 
perspective. This discussion will elucidate that among competing interests, there exists no perfect 
management agreement between the lobster and groundfish sectors. Technical interactions to 
some extent bisect the goal of each sector having longitudinally productive and stable fisheries. 
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However, there are management scenarios that offer a reasonably equitable adjustment for both 
sides. The scenarios presented in this chapter are not exhaustive, but provide examples of a range 
of management action to be considered and may help to guide future decision-making processes. 
Take quota off top 
If bycatch is incorporated into the assessment, assessment model accuracy would 
improve. Progressing from the status quo, the simplest management action would be to deduct 
the predicted bycatch from the preseason Annual Catch Limit, (ACL) before dividing the quota 
between the groundfish sectors. As such, the proportions of the remaining ACL between the 
sectors would remain unchanged. From a social perspective however, this solution is unequal 
treatment of the two fishing sectors. In a sense, the lobster fishery would go unpunished, while 
the already struggling groundfish sector would suffer further catch restrictions. This decision 
could lead the groundfish sector to inherit a better managed stock, but it would reduce short-term 
fishing opportunity the already struggling groundfish sector. Because the bycatch would be 
based model projection (a bycatch forecast), groundfishermen would ultimately be at the mercy 
of the lobster fishery’s bycatch without any immediate compensation. It is unknown if the 
groundfish sector has sufficient capital to withstand uncertain times of rebuilding and low 
discount rates. In addition to overall fleet consolidation, recent investments in the region have 
come from outside the fishing sector, but it is beyond the scope of this analysis to evaluate 
whether these changes could act as a buffer to further short-term reductions in quota.  
Create a ‘lobster sector’ 
 One possibility that acknowledges cod bycatch could be to force the lobster fishery to 
buy the quota to cover projected bycatch (i.e., a form of lobstermen ‘paying their share’) and to 
allow cod landings. Based on newly available predictions, let us assume 5% of the current cod 
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ACL is captured as bycatch in the lobster fishery in the GoM (Boenish and Chen, 2018). In this 
management scenario, lobstermen would be allowed to land cod caught in traps as part of their 
everyday fishery using non-modified lobster traps so as to mitigate preferential targeting for cod. 
Individuals who frequently caught cod would be permitted to earn supplementary income and 
diversify their fishing portfolios instead of discarding the fish. An additional argument for this 
solution is that by keeping all cod that were incidentally caught, uncertainty regarding the rate of 
survival for discards would be less of an issue. This approach would also provide empirical 
numbers of bycatch that could be more accurate than estimates based on model projections. 
However, this author does not advocate for the use of this solution. The current estimates 
of bycatch are based on a model projection that assumes a relatively constant behavior on the 
part of the lobster fishermen. In the current system there is no incentive for lobstermen to target 
cod because: 1. landing cod is illegal, and 2. cod catch rates are low. Even under the best light, 
income generated by cod landings would be modest given the current stock condition. 
Standardized catch ratios (individual cod/ kg lobster) are on the range of 1.0 x 10-3 (Boenish and 
Chen 2018b) and the market price of cod is lower than that of lobster (National Oceanic and 
Atmospheric Administration 2017). In context, lobster in the GoM are near an all-time high in 
abundance, while cod are near historic lows. Despite these differences in abundance and the 
overwhelming lack of incentives, a change of fishing behavior could result in overall higher 
catches of cod. Extending to a scenario in which the lobster fishery exceeded their cod ACL, this 
solution could present additional management difficulties. These break down into two likely 
scenarios: 
1. Direct economic competition with groundfishermen for cod ACL. Due to capital, political 
moves would almost certainly sway the overall effects in the favor of the lobster sector. If ACL 
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was on the open market, increasing demand would drive up cod quota prices. Due to 
considerable outside supply of cod, fallout would almost certainly make groundfishing less 
profitable. Considering the sizable profits of the lobster fishery, the relative larger pool of lobster 
permit holders would be able to buy up the cod quota with a smaller cost per capita. In this 
scenario, the lobster fishery is robust to an increase in quota costs, while groundfish sector might 
be pushed to the point where fishing is not profitable (which has been reached by most of the 
fleet already). Additionally, as with many catch-share-like systems, social dynamics might be 
less stable when consolidated in the hands of a few (Bromley 2009). Because cod is primarily 
caught as a bycatch species, the relative value of the other groundfish caught per unit mass of 
cod would be much smaller than the value of lobster caught per unit mass of cod bycatch. Even 
assuming overhead costs were not the deciding factor, the lobster fishery would be better 
economically equipped to compete and the groundfish sector would suffer further hardship.  
2. The lobster fishery may face a shutdown if ACL of cod was exceeded. A mandatory shutdown 
of both fisheries would be unprecedented and would come at a high cost to both industries. 
Managing a fishery by ACL can precipitate shutdowns, and it is likely more difficulties would 
arise if the two fisheries were managed by the same ACL (Adler and Stewart 2014). This review 
suggests any management action should focus on reducing uncertainty, mismanagement, and 
mortality of the cod stock. We suggest allowing lobstermen to land cod bycatch would introduce 
overall negative consequences for both the lobster and groundfish sectors. 
Allocate cod quota, while prohibiting landings (GoM-wide landings tax) 
Because cod are known to migrate seasonally, they are likely to occupy multiple zones 
over the course of their ontogeny (Collette 2002, Zemeckis et al. 2014). The second proposal to 
accommodate cod bycatch in the lobster fishery is through the establishment of a quota but the 
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continued prohibition of landings by the lobster fleet. More specifically, a catch estimate based 
on model projections is deducted from the ACL before groundfish quota is allocated. The cost of 
that quota at current market prices would be paid with a nominal lobster landings tax. Based on 
2017 data, this landings tax would be very low on the per pound basis (National Oceanic and 
Atmospheric Administration 2017), and management might elect to apply the tax either to 
dealers or individual fishermen/ co-ops. Theoretically this method would be able to cover some 
extent of lost fishing opportunity for the groundfish sector and may appear more equitable. 
However, this conclusion is probably superficial. 
This solution again falls in favor of the lobster industry. Although the decreased 
allocation of cod bycatch may promote fishing practices that mitigate bycatch for the groundfish 
sector, presumably groundfish landings would decrease by a larger margin than the percentage 
decrease of cod ACL (A one-unit reduction in bycatch quota for the groundfishermen creates a 
many-fold decrease in available landings). Paradoxically, the better the groundfish fleet becomes 
at avoiding cod bycatch, the greater the financial effect of the decreased ACL would become. 
Bycatch avoidance is already a serious consideration for groundfishermen, and substantial efforts 
have already been undertaken to reduce bycatch and subsequent discarding. Thus, it is 
anticipated that this solution would still lead to the penalization of the groundfishing fleet on 
behalf of the lobster fishery. 
Allocate cod quota, while prohibiting landings (zonal landings tax)  
Pre-allocating quota to the lobster fishery, while prohibiting landings would have the 
same biological outcomes as the previously described scenario, but may appear more equitable 
for the individual zones of the lobster fishery. If each zone catches a different proportion of cod, 
then it may be argued that each zone should only pay their collective zonal proportion of cod 
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quota (which in the future might be estimated on a zonal or statistical area basis). The structure 
of the lobster landings tax would be a way to more equitably divide the burden of cod bycatch. 
Without further study, it would be difficult to predict if spatial differences would be significant 
or temporally robust. 
Complete subsidy 
The previous scenarios all had one thing in common: each provided a disproportionate 
benefit to the lobster fishery over the short-term, long-term, or both. The final proposed solution 
I will explore is that of a more holistic fishery subsidy. I previously discussed that the losses for 
the limiting of bycatch quota would be magnified because cod predominantly serve as a ‘choke’ 
species. This plan would be in the form of a landings tax for lobstermen (either collectively, or 
proportionately by zone) that would further extend compensation to include not only cost of cod 
ACL, but also that of lost catches. Lost catches would include cod, as well as the total values of 
the suite of other species ‘traditionally’ caught by the groundfish sector. To limit behavioral 
changes that would inflate the amount of tax revenue, historic catch mass proportions would be 
used in conjunction with market prices. For example, if a fishery generally caught 2 kg of 
haddock (valued at $5/ kg) for every kg of cod bycatch (valued at $7/kg), the lobster fishery 
would be responsible for compensation of $17/kg of cod bycatch ($5 x 2 + $7 = $17/kg) to cover 
the expected missed value of the fishery. 
Implementing this strategy would encourage lobstermen to avoid fishing at times or 
places where relatively higher catch rates of cod occur. For the overall goal of reducing cod 
bycatch this would be seen by both parties to be a step in the right direction. Conversely, a high 
payoff for owning cod quota might create issues in the groundfish sector. Under this 
management, it might be more profitable for groundfish boats to invest in quota of other species. 
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If there is an automatic payout, it could make more financial sense for the quota to be expensive. 
By buying up quota, prices would increase. As prices increase, so would the payout. If we take 
the same scenario, but suppose a large increase in quota price for haddock has occurred ($1, with 
a historical catch ratio of 1:2 for cod: haddock), the owner of cod quota would make $2 for every 
dollar increase of haddock price. With this return on investment, there would be incentive to 
raise prices on haddock quota until the actual fishing of haddock becomes economically 
unprofitable, and revenue comes largely from the lobster fishery. Though this scenario sounds 
unrealistic, there are multiple cases in fisheries where a similar thing has occurred (Mintz 2018), 
mostly through consolidation of catch shares or wealth (Eythórsson 2000). In New England only 
recently have limits on the proportion of catch an individual may own been implemented 
(https://www.greateratlantic.fisheries.noaa.gov/nr/2017/April/17mulamend18phl.html). GARFO, 
2017). Realistically, the government would step in before dynamics got to the point where 
fishing wasn’t occurring, but the overall patterns of increased social and economic issues within 
the groundfish sector would still operate to a lesser extent.  
 DISCUSSION 
In attempting to find reconciliation with a sudden reduction in quota, it is not 
unreasonable that some agreement could be made that fairly adjusts the struggling groundfish 
fishery.  The six scenarios put forth range from maintaining the status quo to instilling 
accountability measures in order to make up for lost catches in the groundfish sector. It is 
important when considering management strategies to clearly state and bear original goals in 
mind. With a depleted cod stock, the impetus for any management action should be to enhance 
the probability of cod stock recovery.  
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There are a number of ecologists who believe that due to the lack of biological diversity 
in the GoM (Witman et al. 2004), fishing down of large predators (groundfish) has led to an 
alternative stable ecological state (Steneck et al. 2013). This is the explanation put forward to 
explain why the populations of decapod crustaceans such as cancer crabs and lobster are at near 
all-time highs. The argument continues that although fishing was responsible for the initial 
decline of the cod stocks, because of ecological processes it is relatively irreversible to attain the 
once great groundfish stocks of the northeast (phase shift sensu Done (1992) and shifting 
baseline sensu Pauly (1995)). Western Atlantic cod stocks have generally been slow to recover, 
despite a variety of management approaches (Hutchings & Myers, 1994; Hutchings, 1996; Rose 
& Rowe, 2015, 2018).  
The Grand Banks of Newfoundland and Labrador in Canada suffered a similar cod 
collapse in the 1980’s and a complete cod moratorium has been in place since 1992. Despite the 
closure, the stock has not rebounded anywhere near the extent to which it was predicted but signs 
of recovery have been observed (Rose and Rowe 2015, 2018). Conversely, across the Atlantic, 
Iceland’s efforts to rebuild following a cod stock collapse have turned out to be a success and 
have resulted in increasing biomass since the early 2000’s (ICES 2016). This failed recovery 
may be due to a variety of conditions including an increase in pinnipeds populations due to 
conservation efforts (O’Boyle and Sinclair 2012), changes in plankton dynamics (Runge et al. 
2010), stock migration (Rose and Rowe 2018), and water warming trends (Drinkwater 2005). 
Therefore, for the GoM cod stock, there are multiple tenable hypotheses as to whether 
improvement of the assessment model (via incorporation of unaccounted catch) will be sufficient 
to rebuild the cod stock. 
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In consideration of the cod bycatch controversy, one conclusion can be reached: The 
current management plan is not effective. As outlined in the first section, there are no compelling 
reasons that the “ignore bycatch” scenario should continue. If the goal of management is to 
rebuild cod, it would be prudent for future assessments to include some estimate of bycatch. At 
the very least, this implementation might include a range of bycatch estimates or bycatch 
abundance indices in the stock assessment and account for this amount before setting the annual 
groundfish annual catch limit (ACL). In the best case (theoretical) scenario, moderate short-term 
costs in terms of reduced quota will give way to increased quota and improved catches in the 
long-term. In the worst-case scenario given the “off the top” strategy, the lobster fishery will 
remain unaffected while the groundfish sector receives further restriction. 
Of the remaining proposals, allowing lobstermen to land cod bycatch would not be the 
best solution forward. Though it may provide a more accurate accounting of landings, it may 
elicit a change in behavior and result in an overall higher level of bycatch (and further unneeded 
strain on the groundfish sector). Unlike the other fisheries for cod, there is no time-series of 
bycatch from the lobster fishery, thus adding to the uncertainty would be the management 
forecast of cod bycatch. Ultimately, this type of strategy could end up with the same 
consequences of a normal choke fishery and economically it would not be a net benefit for the 
lobster fishery to shut down on behalf of a relatively small amount of cod landings. In addition, 
some preliminary work suggests that cod can be released with a low discard mortality rate 
(Chapter 2), thus it would be in the better interest of the fishery to release cod using the 
appropriate handling practices (Chapter 2).  
Even if we assume a high rate of lobster bycatch and high externalities (loss of catch for 
groundfishermen), a landings tax would be very moderate if divided among the ~6000 lobster 
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license holders. Consider that the cod fishery netted an average value of 25 million dollars over 
the period 2006-2013, and assume cod bycatch in the lobster fishery can be estimated at 5% 
(1.23 million $/year). If we assume the “complete subsidy” scenario and tax the lobster sector to 
cover large externalities (three dollars lost for every dollar of cod quota reduction), this amounts 
to only 0.79% of the 2015 GoM lobster fishery value. Taking this scenario forward one might 
propose a one cent tax to more than cover the loss in quota and additional fishing opportunity for 
the groundfish sector. A similar agreement might be negotiated to keep the lobster fishery open 
year-round and would encourage lobstermen to reduce bycatch. After weighing the relative 
benefits and costs of the above scenarios, the questions a manager might be faced with are these: 
1. Do the lobstermen have an ethical (or legal) obligation to subsidize the groundfish 
sector? 
2. Is it worth exploring the alternative of shutting down parts of the lobster fishery for a 
length of time? 
To answer the first question, it can be argued either way. If the extent of cod bycatch is 
argued to be economically significant, the lobstermen have essentially been given a free ride in 
terms of incurring cod mortality with no restrictions or penalties. If it is argued to be 
insignificant, then tensions between fisheries may increase, and the status quo will prevail. It 
would generally be agreed upon that all fisheries should be held to the same standards in terms of 
regulation and bycatch (with obvious technical limitations that may be associated with gear 
type), so an argument could be made that groundfishermen deserve reparations or subsidies in 
some form. Reparations are unlikely because it would be difficult to prove (in a legal sense) the 
amount of historical bycatch (and mortality), while some subsidy might not be as far-fetched. If a 
subsidy were to be negotiated it would need to be well thought out and swiftly implemented. 
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Most likely, the costs of involving long term litigation and legal fees could quickly surpass any 
benefit gained by either party.  
Managers will have to think critically about shutting down the lobster fishery. Unless 
acute areas that incur high bycatch can be pinned down, it would not be cost effective to shut 
down the lobster fishery. If an area were to close, a significant burden on lobstermen would be 
introduced, brought on by the movement of gear in addition to fishing opportunity loss. 
Additionally, the lobster industry is overall very lucrative compared to groundfish both by total 
value and price per pound. So, it might be argued that a net economic loss would result if 
managers side with groundfish over lobster. This dilemma highlights the need for management to 
devise clear goals. In the case of these fisheries, management exists in two forms and spans 
multiple state and federal water boundaries, thus would require extra effort from all parties. 
Certainly, more options (and opinions) exist than the ones outlined in this paper, but 
hopefully these will serve as starting points for discussion. Although different in scope and 
implementation, all options highlight the inter- and intra-fishery technical interactions and the 
complexity of bycatch in fisheries. It is often the case that in the short term, some of the best 
management action plans may cause losses for all parties. In fisheries this is especially amplified 
due to the biological, ecological, and economic uncertainties and non-linearities associated with 
action (or inaction). For long-term inclusion of cod bycatch, there may or may not be any 
obvious winners. This leaves us with a cautious guarded hope for the future that is already the 
reality for fishermen of the northeast.  
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APPENDIX A CHAPTER 2 SUPPLEMENTARY DATA 
Table A.1. Censored Field Data (Omitting personal information of individual fishers) of 
cod bycatch. Bottom was classified as hard (H), gravel (G), mud (M), or mixed (“,”). Bait was 
classified as fresh herring (H/F), salted herring (H/S), or mixed (mix). Fish condition estimated 
as alive (A), stomach everted (SE), bug eyes, or exophthalmia (BE), or dead (D). For all fields, 
missing, or uncollected data is denoted as NA.   
 
Sampler Bottom Dep 
(fathom) 
Bait Species Fish 
condition 
Traps 
hauled 
Time at 
surface 
(min) 
Soak 
time 
(days) 
Length 
(cm) 
Fisher H 31.00 H/F cod A 200 2 6 NA 
Fisher H 8.00 H/F cod A 300 0.5 5 NA 
Fisher H 6.00 H/F cod A 300 0.5 5 NA 
Fisher H 10.00 H/F cod A 300 0.5 5 NA 
Fisher H 12.00 H/F cod A 300 0.5 5 NA 
Fisher H 30.00 H/F cod A 300 0.5 5 NA 
Fisher H 28.00 H/F cod A 400 0.5 4 NA 
Fisher H 29.00 H/F cod A 400 0.5 4 NA 
Fisher H 15.00 H/F cod A 400 0.5 4 NA 
Fisher H 12.00 H/F cod A 315 0.5 3 NA 
Fisher H 11.00 H/F cod A 315 0.5 3 NA 
Fisher H 17.00 H/F cod A 315 0.5 3 NA 
Fisher H 35.00 H/F cod A 85 0.5 5 NA 
Fisher H 5.00 H/F cod A 400 0.5 5 NA 
Fisher H 27.00 H/F cod A 400 0.5 5 NA 
Fisher H 10.00 H/F cod A 400 0.5 5 NA 
Fisher H 9.00 H/F cod A 400 0.5 5 NA 
Fisher H 6.00 H/F cod A 400 0.5 5 NA 
Fisher H 28.00 H/F cod A 400 0.5 5 NA 
Fisher H 8.00 H/F cod A 400 0.5 5 NA 
Fisher H 21.00 H/F cod A 400 0.5 5 NA 
Fisher H 36.00 H/F cod A 400 0.5 5 NA 
Fisher H 16.00 H/F cod A 400 0.5 5 NA 
Fisher H 27.00 H/F cod A 400 0.5 5 NA 
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Fisher H 26.00 H/F cod A 400 0.5 3 NA 
Fisher H 15.00 H/F cod A 400 0.5 3 NA 
Fisher H 6.00 H/F cod A 400 0.5 5 NA 
Fisher H 32.00 H/F cod A 400 0.5 5 NA 
Fisher H 11.67 mix cod A 100 3 5 NA 
Fisher H,G 3.33 mix cod A 110 3 7 NA 
Fisher H 2.50 mix cod A 125 3 10 NA 
Fisher H 2.50 mix cod A 125 3 7 NA 
Fisher H 12.00 mix cod A 150 3 7 NA 
Fisher H 17.50 H/S cod A 120 3 7 NA 
Fisher H 20.83 H/S cusk A 140 2 21 NA 
Fisher H 3.33 H/S cod A 150 3 7 NA 
Fisher H 17.00 H/S cod A 140 3 7 NA 
Fisher H 15.00 H/S cod A 150 3 7 NA 
Fisher H 11.67 H/S cod A 150 3 7 NA 
Fisher H 14.17 H/S cod A 150 3 7 NA 
Fisher H 3.33 H/S cod A 175 3 7 NA 
Fisher M 65.00 mix cod A 300 5 10 NA 
Fisher M 65.00 mix cod A/SE 300 5 10 NA 
Fisher M 65.00 mix cod A 300 5 8 NA 
Fisher M 65.00 mix cod A 300 5 10 NA 
Fisher M 65.00 mix cod A 300 5 7 NA 
Fisher M 65.00 H/S cod A 300 5 16 NA 
Fisher M 65.00 H/S cod A 300 5 16 NA 
Fisher M 65.00 H/S cod A 300 5 16 NA 
Fisher M 70.00 H/S cod A/SE 300 5 16 NA 
Fisher M 65.00 H/S cod A 300 5 9 NA 
Fisher M 65.00 H/S cod A 300 5 9 NA 
Fisher M 30.00 mix cod A 400 5 3 NA 
Fisher NA 30.00 mix cod A/BE 400 5 4 NA 
Fisher NA 30.00 mix cod A/BE 400 5 4 NA 
Fisher G 25.00 mix cod A/BE 400 5 3 NA 
Fisher G 25.00 mix cod A/BE 400 5 4 NA 
Fisher H 10.67 mix cod A 150 3 7 NA 
Fisher H 10.00 mix cod A 160 3 6 NA 
Fisher H 3.33 mix cod A 155 3 5 NA 
Fisher H 2.00 H/S cod A 155 3 4 NA 
Fisher H 7.83 H/S cod A 160 3 7 NA 
Fisher H 7.00 H/S cod A 200 3 5 NA 
Fisher H 2.67 H/S cod A 200 3 4 NA 
Fisher H 5.50 H/S cod A 180 3 4 NA 
Fisher H 5.50 H/S cod A 200 3 3 NA 
Fisher H 9.50 H/S cod A 200 3 5 NA 
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Fisher H 14.17 H/S cod A 180 3 6 NA 
Fisher H 9.17 H/S cod A 140 3 7 NA 
Fisher H 9.17 H/S cod A 140 3 7 NA 
Fisher H 10.00 H/S cod A 175 3 7 NA 
Fisher H 13.33 H/S cod A 150 3 5 NA 
Fisher H 12.67 H/S cod A 165 3 6 NA 
Fisher G 27.00 H/S cod A 174 3 7 NA 
Fisher G 25.00 H/S cod A 178 2 7 NA 
Fisher G 25.00 H/S cod A 228 2 12 NA 
Fisher G 20.00 H/S cod A 116 2 8 NA 
Fisher G 15.00 H/S cod A 157 2 6 NA 
Fisher G 30.00 H/S cod A 200 2 5 NA 
Fisher G 27.00 H/S cod A 176 2 8 NA 
Fisher G 28.00 H/S cod A 176 2 5 NA 
Fisher H 16.00 H/S cod A 220 2 6 NA 
Fisher G 22.00 H/S cod A 220 2 6 NA 
Fisher G 22.00 H/S cod A 220 2 6 NA 
Fisher G 30.00 H/S cod A 200 2 8 NA 
Fisher G 26.00 H/S cod A 200 2 8 NA 
Fisher G 30.00 H/S cod A 200 2 8 NA 
Fisher G 25.00 H/S cod A 100 2 7 NA 
Fisher G 26.00 H/S cod A 95 2 8 NA 
Fisher G 25.00 H/S cod A 95 2 8 NA 
Fisher H 11.67 mix cod A 100 5 5 NA 
Fisher H 15.00 mix cod A 100 5 7 NA 
Fisher H 12.50 H/S cod A 100 5 7 NA 
Fisher H 6.00 H/S cod A 100 5 7 NA 
Fisher H 13.33 H/S cod A 100 5 8 NA 
Fisher H 3.50 H/S cod A 125 4 6 NA 
Fisher G 20.00 H/S cod A 81 1  NA 
Fisher H 10.00 H/S cod A 18 3 10 NA 
Fisher H 7.33 H/S cod A 125 3 12 NA 
Fisher H 4.67 H/S cod A 110 3 7 NA 
Fisher H 4.33 H/S cod A 125 3 4 NA 
Fisher H 5.50 mix cod A 100 3 7 NA 
Fisher H 7.17 mix cod A 125 3 6 NA 
Fisher H 1.67 mix cod A 155 5 6 NA 
observer H 12.00 mix cod A 150 1 2 NA 
observer H 10.00 mix cod D 150 NA 2 70 
observer H 32.00 A cod A 175 7 3 52 
observer H 19.60 A cod A 175 3 3 51 
observer H 12.30 A cod A 150 4 4 39 
observer H 11.00 A cod A 150 5 4 52 
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observer H 10.00 A cod A 150 4 4 41 
observer H 6.00 A cod A 150 6 4 44 
observer H 11.00 A cod A 90 4 4 51 
observer H 15.00 A cod A 90 4 4 45 
observer H 23.00 H/F cod A 330 11 7 51 
observer H 33.00 H/F cod A 330 7 7 46 
observer H 32.00 H/F cod A 330 5 7 42 
observer H 31.00 H/F cod A 330 2.5 7 44 
observer H 4.00 H/F cod A 150 7 7 41 
observer H 4.00 H/S cod A 150 6 7 45 
observer H 6.00 H/S cod A 150 4 7 46 
observer H 25.00 H/S cod A  3 14 45 
observer G 26.67 H/S cod A  NA 14 36 
observer G 37.00 A cod A 195 NA 6 55 
observer H 16.67 A cod A 225 NA 7 47 
observer H 13.33 A cod D 225 NA 7 43 
observer H 12.00 mix cod A 150 6 6 44 
observer H 5.83 mix cod D 150  6 NA 
observer H 10.00 mix cod A 125 6 10 53 
observer H 13.33 mix cod A 125 2 10 46 
observer H 9.33 mix cod A 125 2 10 53 
observer H 12.17 mix cod D 125 NA 10 NA 
observer H 5.00 mix cod A 125 6 5 42 
observer H 11.67 mix cod A 125 4 6 56 
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Table A.2. Example lobstermen logbook (location redacted for confidentiality). 
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Figure A.1. Spring arithmetic mean (AMM) habitat suitability index (HSI) ordinary krigging 
map for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable 
habitat from 0- least suitable, to 1- most suitable (Based on Chen et al. 2006). Analyses are based 
on 2006-2013 data from the Maine Department of Marine Resources sea sampling survey.  
 
Figure A.2. Spring geometric mean (GMM) habitat suitability index (HSI) ordinary krigging 
map for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable 
habitat from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the 
Maine Department of Marine Resources sea sampling survey.  
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Figure A.3. Summer arithmetic mean (AMM) habitat suitability index (HSI) ordinary krigging 
map for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable 
habitat from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the 
Maine Department of Marine Resources sea sampling survey.  
 
Figure A.4. Summer geometric mean (GMM) habitat suitability index (HSI) ordinary krigging 
map for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable 
habitat from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the 
Maine Department of Marine Resources sea sampling survey.  
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Figure A.5. Fall arithmetic mean (AMM) habitat suitability index (HSI) ordinary krigging map 
for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable habitat 
from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the Maine 
Department of Marine Resources sea sampling survey.  
 
Figure A.6. Fall geometric mean (GMM) habitat suitability index (HSI) ordinary krigging map 
for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable habitat 
from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the Maine 
Department of Marine Resources sea sampling survey.  
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Figure A.7. Winter arithmetic mean (AMM) habitat suitability index (HSI) ordinary krigging 
map for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable 
habitat from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the 
Maine Department of Marine Resources sea sampling survey.  
 
Figure A.8. Winter geometric mean (GMM) habitat suitability index (HSI) ordinary krigging 
map for Atlantic cod (Gadus morhua) bycatch. HSI Scale (0 -1) depicts increasing suitable 
habitat from 0- least suitable, to 1- most suitable. Analyses are based on 2006-2013 data from the 
Maine Department of Marine Resources sea sampling survey.  
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Figure A.9. Plot of monthly Atlantic cod (Gadus morhua) bycatch rates (cod per trap haul) over 
2006-2014 based on Maine Department of Marine Resources sea sampling data. Squares with no 
cod, or fewer than three individual trips are omitted for aesthetic and confidentiality 
considerations, respectively.  
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APPENDIX B CHAPTER 3 SUPPLEMENTARY DATA 
.  
Figure B.1. Concurvity heat plots for first stage (presence-absence) zonal (A-G) generalized 
additive models (GAMs). Value of 0 indicates no problem and 1 corresponds to total lack of 
identifiability (Wood 2011). Covariates are distance to shore (dist_shore), Set over days 
(SET_OVER_D), Latitude-Longitude (LATITUDE_D, LONGITUDE_), depth (DEPTH), and 
month (month). 
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Figure B.2. Concurvity heat plots for second stage (positive catch distribution) zonal (A-G) 
GAMs. Interpretation is as Figure 1. 
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Figure B.3. Maine American lobster (Homarus americanus) management zones (A- G) bootstrap 
median standardized CPUE’s (kg/ trap haul) by month. Blue dots represent individual yearly 
estimates and boxes represent variation over years 2006-2013.  
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Table B.1. Raw data Pearson correlation coefficients for model covariates by zone (A-G).  
Zone A latitude longitude dist_shore year month depth 
latitude 1.00           
longitude 0.73 1.00         
dist_shore 0.05 0.08 1.00       
year 0.06 0.09 0.09 1.00     
month 0.24 0.02 0.03 0.05 1.00   
depth -0.42 0.18 0.07 0.01 -0.19 1.00 
Zone B latitude longitude dist_shore year month depth 
latitude 1.00           
longitude 0.19 1.00         
dist_shore -0.23 0.18 1.00       
year 0.06 -0.10 0.02 1.00     
month 0.03 -0.02 0.08 0.20 1.00   
depth -0.59 0.39 0.31 -0.07 -0.03 1.00 
Zone C latitude longitude dist_shore year month depth 
latitude 1.00           
longitude -0.11 1.00         
dist_shore -0.29 -0.12 1.00       
year 0.04 0.04 -0.05 1.00     
month 0.23 -0.14 0.06 0.04 1.00   
depth -0.81 0.27 0.31 0.06 -0.11 1.00 
Zone D latitude longitude dist_shore year month depth 
latitude 1.00           
longitude 0.29 1.00         
dist_shore -0.53 -0.17 1.00       
year 0.05 0.09 -0.02 1.00     
month -0.05 -0.23 0.09 -0.05 1.00   
depth -0.75 0.06 0.55 0.01 0.10 1.00 
Zone E latitude longitude dist_shore year month depth 
latitude 1.00           
longitude 0.29 1.00         
dist_shore -0.53 -0.17 1.00       
year 0.05 0.09 -0.02 1.00     
month -0.05 -0.23 0.09 -0.05 1.00   
depth -0.75 0.06 0.55 0.01 0.10 1.00 
Zone F latitude longitude dist_shore year month depth 
latitude 1.00           
longitude 0.26 1.00         
dist_shore -0.45 0.22 1.00       
year 0.03 -0.05 -0.12 1.00     
month 0.10 0.04 0.19 -0.01 1.00   
depth -0.77 0.20 0.50 0.01 0.02 1.00 
Zone G latitude longitude dist_shore year month depth 
latitude 1.00           
longitude 0.79 1.00         
dist_shore -0.21 0.05 1.00       
year 0.17 0.16 0.00 1.00     
month 0.06 -0.11 0.10 -0.03 1.00   
depth -0.22 0.35 0.48 0.09 -0.16 1.00 
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Table B.2. Variance inflation factors (VIFs) for model covariates by zone (A-G). VIFs 
calculated using the ‘corvif’ function from (Zuur et al., 2009).  
 
  Zone     
Covariate   A   B    C   D   E   F   G 
year 1.07 1.06 1.02 1.03 1.01 1.03 1.02 
dist_shore 1.02 1.11 1.12 1.25 1.44 1.48 1.37 
depth 1.22 1.45 1.33 1.30 1.65 1.51 1.54 
month 1.24 1.19 1.10 1.07 1.18 1.10 1.19 
set_over_d 1.51 1.50 1.31 1.13 1.36 1.31 1.35 
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APPENDIX C CHAPTER 4 SUPPLEMENTARY DATA 
Table C.1. Aggregated annual zonal Maine American lobster (Homarus americanus) 
commercial fishery Atlantic cod (Gadus morhua) bycatch from 2006-2013. Lobster 
management zones (A-G) and broken by three magnitudes of Atlantic cod bycatch (2.5% 
(lower), 50% (mid), 97.5% (upper) percentiles. Mid estimates only are shown, lower and upper 
are presented in supplementary pocket. Catch ratios represent standardized cod CPUE/ 
standardized lobster CPUE.  
Month Year Level Catch ratio Zone Individual cod 
1 2006 mid 1.12E-02 A 835.3 
1 2006 mid 1.14E-04 B 8.1 
1 2006 mid 1.48E-03 C 147.7 
1 2006 mid 1.55E-03 D 136.3 
1 2006 mid 3.57E-02 E 3618.4 
1 2006 mid 6.82E-04 F 51.1 
1 2006 mid 1.47E-02 G 786.8 
2 2006 mid 1.36E-02 A 347.6 
2 2006 mid 1.62E-04 B 4.4 
2 2006 mid 2.89E-03 C 183.0 
2 2006 mid 2.06E-03 D 81.9 
2 2006 mid 4.50E-02 E 2567.1 
2 2006 mid 9.30E-04 F 31.8 
2 2006 mid 1.63E-02 G 301.7 
3 2006 mid 1.64E-02 A 963.1 
3 2006 mid 2.14E-04 B 8.5 
3 2006 mid 4.83E-03 C 369.9 
3 2006 mid 2.52E-03 D 111.6 
3 2006 mid 4.93E-02 E 847.2 
3 2006 mid 1.17E-03 F 32.5 
3 2006 mid 1.75E-02 G 228.4 
4 2006 mid 1.72E-02 A 1139.5 
4 2006 mid 2.34E-04 B 15.7 
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4 2006 mid 5.54E-03 C 516.8 
4 2006 mid 2.49E-03 D 252.7 
4 2006 mid 4.03E-02 E 961.2 
4 2006 mid 1.17E-03 F 37.2 
4 2006 mid 1.67E-02 G 386.1 
5 2006 mid 1.43E-02 A 2200.3 
5 2006 mid 1.93E-04 B 30.5 
5 2006 mid 4.13E-03 C 678.1 
5 2006 mid 1.95E-03 D 448.3 
5 2006 mid 2.61E-02 E 1071.8 
5 2006 mid 9.49E-04 F 36.7 
5 2006 mid 1.37E-02 G 454.6 
6 2006 mid 9.61E-03 A 2119.2 
6 2006 mid 1.28E-04 B 31.4 
6 2006 mid 2.38E-03 C 1122.4 
6 2006 mid 1.38E-03 D 632.3 
6 2006 mid 1.62E-02 E 3176.3 
6 2006 mid 7.19E-04 F 195.9 
6 2006 mid 1.01E-02 G 653.7 
7 2006 mid 5.96E-03 A 4095.9 
7 2006 mid 7.89E-05 B 33.8 
7 2006 mid 1.41E-03 C 1397.6 
7 2006 mid 1.04E-03 D 1325.6 
7 2006 mid 1.12E-02 E 5504.9 
7 2006 mid 5.86E-04 F 495.3 
7 2006 mid 7.15E-03 G 1502.5 
8 2006 mid 3.90E-03 A 4063.5 
8 2006 mid 5.36E-05 B 37.6 
8 2006 mid 1.03E-03 C 1377.6 
8 2006 mid 8.96E-04 D 1333.2 
8 2006 mid 8.75E-03 E 4275.3 
8 2006 mid 5.36E-04 F 407.9 
8 2006 mid 5.30E-03 G 1362.2 
9 2006 mid 2.87E-03 A 2942.2 
9 2006 mid 4.25E-05 B 30.2 
9 2006 mid 9.42E-04 C 1141.7 
9 2006 mid 8.64E-04 D 1380.3 
9 2006 mid 7.24E-03 E 3129.4 
9 2006 mid 5.30E-04 F 383.7 
9 2006 mid 4.29E-03 G 1245.0 
10 2006 mid 2.45E-03 A 4179.6 
10 2006 mid 3.79E-05 B 40.2 
10 2006 mid 9.89E-04 C 1167.2 
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10 2006 mid 8.88E-04 D 1535.0 
10 2006 mid 5.83E-03 E 3203.0 
10 2006 mid 5.30E-04 F 402.3 
10 2006 mid 3.83E-03 G 1177.6 
11 2006 mid 2.38E-03 A 1901.5 
11 2006 mid 3.64E-05 B 19.5 
11 2006 mid 1.12E-03 C 694.7 
11 2006 mid 9.32E-04 D 846.5 
11 2006 mid 4.38E-03 E 1587.7 
11 2006 mid 5.11E-04 F 219.5 
11 2006 mid 3.72E-03 G 888.6 
12 2006 mid 2.51E-03 A 426.2 
12 2006 mid 3.64E-05 B 4.7 
12 2006 mid 1.31E-03 C 324.9 
12 2006 mid 9.83E-04 D 348.7 
12 2006 mid 3.14E-03 E 463.3 
12 2006 mid 4.75E-04 F 121.3 
12 2006 mid 3.80E-03 G 495.5 
1 2007 mid 2.63E-03 A 87.6 
1 2007 mid 8.44E-05 B 1.6 
1 2007 mid 9.68E-04 C 56.8 
1 2007 mid 1.99E-03 D 115.8 
1 2007 mid 2.60E-02 E 719.0 
1 2007 mid 1.06E-04 F 6.8 
1 2007 mid 9.22E-03 G 326.7 
2 2007 mid 3.17E-03 A 36.1 
2 2007 mid 1.18E-04 B 1.1 
2 2007 mid 1.85E-03 C 36.3 
2 2007 mid 2.63E-03 D 47.9 
2 2007 mid 3.26E-02 E 342.8 
2 2007 mid 1.44E-04 F 2.8 
2 2007 mid 1.02E-02 G 99.3 
3 2007 mid 3.78E-03 A 43.8 
3 2007 mid 1.55E-04 B 1.6 
3 2007 mid 3.04E-03 C 58.1 
3 2007 mid 3.21E-03 D 55.7 
3 2007 mid 3.56E-02 E 267.7 
3 2007 mid 1.80E-04 F 1.8 
3 2007 mid 1.08E-02 G 57.2 
4 2007 mid 3.95E-03 A 147.0 
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4 2007 mid 1.68E-04 B 4.5 
4 2007 mid 3.47E-03 C 131.7 
 
4 2007 mid 3.17E-03 D 121.8 
4 2007 mid 2.91E-02 E 366.8 
4 2007 mid 1.80E-04 F 2.7 
4 2007 mid 1.03E-02 G 101.6 
5 2007 mid 3.28E-03 A 414.3 
5 2007 mid 1.39E-04 B 18.4 
5 2007 mid 2.61E-03 C 418.3 
5 2007 mid 2.49E-03 D 372.8 
5 2007 mid 1.89E-02 E 1059.5 
5 2007 mid 1.47E-04 F 5.4 
5 2007 mid 8.49E-03 G 340.9 
6 2007 mid 2.22E-03 A 328.9 
6 2007 mid 9.27E-05 B 9.4 
6 2007 mid 1.53E-03 C 239.8 
6 2007 mid 1.77E-03 D 388.1 
6 2007 mid 1.18E-02 E 1417.1 
6 2007 mid 1.12E-04 F 11.2 
6 2007 mid 6.26E-03 G 346.1 
7 2007 mid 1.39E-03 A 639.0 
7 2007 mid 5.82E-05 B 13.4 
7 2007 mid 9.30E-04 C 658.5 
7 2007 mid 1.34E-03 D 1149.4 
7 2007 mid 8.17E-03 E 2931.9 
7 2007 mid 9.14E-05 F 64.1 
7 2007 mid 4.48E-03 G 551.9 
8 2007 mid 9.16E-04 A 1116.1 
8 2007 mid 4.02E-05 B 33.7 
8 2007 mid 6.97E-04 C 1172.6 
8 2007 mid 1.16E-03 D 1892.3 
8 2007 mid 6.38E-03 E 3319.4 
8 2007 mid 8.39E-05 F 75.4 
8 2007 mid 3.34E-03 G 738.6 
9 2007 mid 6.78E-04 A 673.6 
9 2007 mid 3.21E-05 B 21.0 
9 2007 mid 6.43E-04 C 746.0 
9 2007 mid 1.12E-03 D 1457.3 
9 2007 mid 5.28E-03 E 2229.0 
9 2007 mid 8.30E-05 F 50.5 
9 2007 mid 2.71E-03 G 553.5 
10 2007 mid 5.77E-04 A 668.4 
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10 2007 mid 2.88E-05 B 20.2 
10 2007 mid 6.76E-04 C 828.9 
 
10 2007 mid 1.15E-03 D 1566.0 
10 2007 mid 4.26E-03 E 1752.9 
10 2007 mid 8.29E-05 F 52.8 
10 2007 mid 2.42E-03 G 584.4 
11 2007 mid 5.59E-04 A 419.5 
11 2007 mid 2.75E-05 B 13.8 
11 2007 mid 7.58E-04 C 451.1 
11 2007 mid 1.20E-03 D 730.3 
11 2007 mid 3.20E-03 E 910.9 
11 2007 mid 7.99E-05 F 27.6 
11 2007 mid 2.35E-03 G 427.5 
12 2007 mid 5.90E-04 A 177.6 
12 2007 mid 2.74E-05 B 5.6 
12 2007 mid 8.81E-04 C 322.8 
12 2007 mid 1.27E-03 D 431.0 
12 2007 mid 2.30E-03 E 409.4 
12 2007 mid 7.43E-05 F 12.3 
12 2007 mid 2.39E-03 G 270.1 
1 2008 mid 4.17E-03 A 316.4 
1 2008 mid 9.24E-05 B 4.8 
1 2008 mid 9.83E-04 C 88.8 
1 2008 mid 2.33E-03 D 217.2 
1 2008 mid 1.89E-02 E 1250.5 
1 2008 mid 1.83E-04 F 13.0 
1 2008 mid 3.87E-03 G 189.3 
2 2008 mid 4.99E-03 A 179.5 
2 2008 mid 1.27E-04 B 3.0 
2 2008 mid 1.84E-03 C 86.0 
2 2008 mid 3.06E-03 D 141.7 
2 2008 mid 2.36E-02 E 715.2 
2 2008 mid 2.45E-04 F 8.9 
2 2008 mid 4.24E-03 G 97.3 
3 2008 mid 5.90E-03 A 152.5 
3 2008 mid 1.65E-04 B 3.7 
3 2008 mid 2.98E-03 C 104.1 
3 2008 mid 3.72E-03 D 165.8 
3 2008 mid 2.57E-02 E 581.4 
3 2008 mid 3.05E-04 F 6.0 
3 2008 mid 4.49E-03 G 69.0 
4 2008 mid 6.15E-03 A 491.4 
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4 2008 mid 1.78E-04 B 10.5 
4 2008 mid 3.39E-03 C 312.5 
 
4 2008 mid 3.67E-03 D 405.2 
4 2008 mid 2.10E-02 E 864.2 
4 2008 mid 3.06E-04 F 7.3 
4 2008 mid 4.27E-03 G 116.5 
5 2008 mid 5.12E-03 A 1176.3 
5 2008 mid 1.48E-04 B 21.3 
5 2008 mid 2.57E-03 C 499.7 
5 2008 mid 2.89E-03 D 785.5 
5 2008 mid 1.37E-02 E 1097.9 
5 2008 mid 2.49E-04 F 10.0 
5 2008 mid 3.52E-03 G 213.7 
6 2008 mid 3.49E-03 A 779.7 
6 2008 mid 9.99E-05 B 11.6 
6 2008 mid 1.54E-03 C 253.3 
6 2008 mid 2.07E-03 D 543.0 
6 2008 mid 8.56E-03 E 776.3 
6 2008 mid 1.90E-04 F 20.2 
6 2008 mid 2.61E-03 G 128.5 
7 2008 mid 2.20E-03 A 1557.3 
7 2008 mid 6.36E-05 B 24.8 
7 2008 mid 9.58E-04 C 931.3 
7 2008 mid 1.57E-03 D 1388.4 
7 2008 mid 5.95E-03 E 2316.6 
7 2008 mid 1.57E-04 F 120.6 
7 2008 mid 1.88E-03 G 276.8 
8 2008 mid 1.46E-03 A 1649.6 
8 2008 mid 4.46E-05 B 36.9 
8 2008 mid 7.32E-04 C 1196.4 
8 2008 mid 1.36E-03 D 2036.5 
8 2008 mid 4.66E-03 E 2026.8 
8 2008 mid 1.44E-04 F 124.7 
8 2008 mid 1.41E-03 G 354.1 
9 2008 mid 1.08E-03 A 1278.9 
9 2008 mid 3.60E-05 B 24.0 
9 2008 mid 6.83E-04 C 1015.1 
9 2008 mid 1.32E-03 D 2070.5 
9 2008 mid 3.86E-03 E 1903.0 
9 2008 mid 1.43E-04 F 113.5 
9 2008 mid 1.15E-03 G 335.7 
10 2008 mid 9.24E-04 A 1305.9 
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10 2008 mid 3.23E-05 B 24.9 
10 2008 mid 7.19E-04 C 773.4 
 
10 2008 mid 1.35E-03 D 1836.6 
10 2008 mid 3.11E-03 E 1404.2 
10 2008 mid 1.43E-04 F 106.2 
10 2008 mid 1.02E-03 G 259.1 
11 2008 mid 8.94E-04 A 786.2 
11 2008 mid 3.09E-05 B 12.6 
11 2008 mid 8.02E-04 C 518.0 
11 2008 mid 1.42E-03 D 1132.9 
11 2008 mid 2.34E-03 E 805.4 
11 2008 mid 1.37E-04 F 51.1 
11 2008 mid 9.92E-04 G 206.5 
12 2008 mid 9.39E-04 A 176.7 
12 2008 mid 3.06E-05 B 3.2 
12 2008 mid 9.22E-04 C 225.4 
12 2008 mid 1.49E-03 D 354.3 
12 2008 mid 1.68E-03 E 228.4 
12 2008 mid 1.28E-04 F 18.5 
12 2008 mid 1.01E-03 G 97.9 
1 2009 mid 1.88E-03 A 110.7 
1 2009 mid 1.09E-04 B 4.5 
1 2009 mid 3.66E-04 C 43.6 
1 2009 mid 8.95E-04 D 102.2 
1 2009 mid 1.37E-02 E 1122.2 
1 2009 mid 8.88E-04 F 75.2 
1 2009 mid 5.63E-03 G 264.1 
2 2009 mid 2.23E-03 A 53.7 
2 2009 mid 1.48E-04 B 2.3 
2 2009 mid 6.67E-04 C 23.5 
2 2009 mid 1.17E-03 D 43.8 
2 2009 mid 1.71E-02 E 455.6 
2 2009 mid 1.19E-03 F 37.9 
2 2009 mid 6.13E-03 G 146.1 
3 2009 mid 2.61E-03 A 52.0 
3 2009 mid 1.90E-04 B 3.1 
3 2009 mid 1.07E-03 C 33.1 
3 2009 mid 1.42E-03 D 47.5 
3 2009 mid 1.85E-02 E 442.1 
3 2009 mid 1.47E-03 F 34.4 
3 2009 mid 6.46E-03 G 87.2 
4 2009 mid 2.71E-03 A 188.0 
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4 2009 mid 2.04E-04 B 9.2 
4 2009 mid 1.21E-03 C 96.5 
 
4 2009 mid 1.40E-03 D 112.2 
4 2009 mid 1.52E-02 E 595.0 
4 2009 mid 1.47E-03 F 64.7 
4 2009 mid 6.14E-03 G 165.6 
5 2009 mid 2.26E-03 A 480.9 
5 2009 mid 1.70E-04 B 19.6 
5 2009 mid 9.22E-04 C 177.3 
5 2009 mid 1.10E-03 D 291.1 
5 2009 mid 9.89E-03 E 693.0 
5 2009 mid 1.20E-03 F 58.4 
5 2009 mid 5.08E-03 G 343.9 
6 2009 mid 1.55E-03 A 386.6 
6 2009 mid 1.16E-04 B 12.7 
6 2009 mid 5.64E-04 C 95.5 
6 2009 mid 7.92E-04 D 214.0 
6 2009 mid 6.22E-03 E 443.8 
6 2009 mid 9.21E-04 F 114.0 
6 2009 mid 3.79E-03 G 217.4 
7 2009 mid 9.88E-04 A 694.0 
7 2009 mid 7.49E-05 B 29.1 
7 2009 mid 3.61E-04 C 323.5 
7 2009 mid 6.05E-04 D 570.3 
7 2009 mid 4.33E-03 E 1830.0 
7 2009 mid 7.61E-04 F 666.9 
7 2009 mid 2.74E-03 G 493.1 
8 2009 mid 6.59E-04 A 896.5 
8 2009 mid 5.33E-05 B 55.7 
8 2009 mid 2.81E-04 C 501.9 
8 2009 mid 5.25E-04 D 971.4 
8 2009 mid 3.40E-03 E 1584.4 
8 2009 mid 7.01E-04 F 620.1 
8 2009 mid 2.07E-03 G 533.5 
9 2009 mid 4.91E-04 A 744.0 
9 2009 mid 4.34E-05 B 45.8 
9 2009 mid 2.64E-04 C 427.3 
9 2009 mid 5.09E-04 D 942.8 
9 2009 mid 2.81E-03 E 1194.1 
9 2009 mid 6.95E-04 F 634.4 
9 2009 mid 1.69E-03 G 476.1 
10 2009 mid 4.18E-04 A 687.0 
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10 2009 mid 3.91E-05 B 35.5 
10 2009 mid 2.79E-04 C 349.5 
 
10 2009 mid 5.23E-04 D 902.9 
10 2009 mid 2.27E-03 E 971.3 
10 2009 mid 6.94E-04 F 526.6 
10 2009 mid 1.51E-03 G 399.5 
11 2009 mid 4.04E-04 A 442.0 
11 2009 mid 3.73E-05 B 22.0 
11 2009 mid 3.10E-04 C 256.6 
11 2009 mid 5.48E-04 D 598.8 
11 2009 mid 1.71E-03 E 696.8 
11 2009 mid 6.69E-04 F 321.1 
11 2009 mid 1.46E-03 G 378.1 
12 2009 mid 4.23E-04 A 131.6 
12 2009 mid 3.68E-05 B 8.1 
12 2009 mid 3.53E-04 C 129.5 
12 2009 mid 5.75E-04 D 274.9 
12 2009 mid 1.23E-03 E 262.9 
12 2009 mid 6.22E-04 F 173.0 
12 2009 mid 1.48E-03 G 235.0 
1 2010 mid 1.43E-03 A 94.2 
1 2010 mid 1.32E-04 B 6.2 
1 2010 mid 3.84E-04 C 46.9 
1 2010 mid 7.79E-04 D 77.6 
1 2010 mid 9.96E-03 E 643.8 
1 2010 mid 1.74E-04 F 22.0 
1 2010 mid 4.54E-03 G 247.0 
2 2010 mid 1.69E-03 A 31.3 
2 2010 mid 1.77E-04 B 2.2 
2 2010 mid 6.86E-04 C 21.4 
2 2010 mid 1.01E-03 D 26.8 
2 2010 mid 1.23E-02 E 200.6 
2 2010 mid 2.30E-04 F 7.5 
2 2010 mid 4.91E-03 G 99.1 
3 2010 mid 1.96E-03 A 55.6 
3 2010 mid 2.25E-04 B 5.7 
3 2010 mid 1.08E-03 C 38.2 
3 2010 mid 1.23E-03 D 40.3 
3 2010 mid 1.34E-02 E 191.3 
3 2010 mid 2.84E-04 F 6.5 
3 2010 mid 5.15E-03 G 49.5 
4 2010 mid 2.03E-03 A 202.8 
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4 2010 mid 2.40E-04 B 20.1 
4 2010 mid 1.22E-03 C 145.0 
 
4 2010 mid 1.21E-03 D 120.2 
4 2010 mid 1.09E-02 E 478.3 
4 2010 mid 2.83E-04 F 11.2 
4 2010 mid 4.88E-03 G 152.5 
5 2010 mid 1.70E-03 A 485.3 
5 2010 mid 2.00E-04 B 36.5 
5 2010 mid 9.37E-04 C 241.9 
5 2010 mid 9.53E-04 D 219.7 
5 2010 mid 7.16E-03 E 444.5 
5 2010 mid 2.32E-04 F 14.5 
5 2010 mid 4.05E-03 G 271.1 
6 2010 mid 1.17E-03 A 591.0 
6 2010 mid 1.38E-04 B 28.4 
6 2010 mid 5.86E-04 C 272.9 
6 2010 mid 6.88E-04 D 314.6 
6 2010 mid 4.52E-03 E 752.3 
6 2010 mid 1.79E-04 F 53.2 
6 2010 mid 3.04E-03 G 216.3 
7 2010 mid 7.52E-04 A 1128.1 
7 2010 mid 9.05E-05 B 93.3 
7 2010 mid 3.84E-04 C 856.3 
7 2010 mid 5.28E-04 D 794.0 
7 2010 mid 3.16E-03 E 1434.6 
7 2010 mid 1.49E-04 F 159.7 
7 2010 mid 2.21E-03 G 374.9 
8 2010 mid 5.04E-04 A 905.0 
8 2010 mid 6.53E-05 B 87.5 
8 2010 mid 3.04E-04 C 747.3 
8 2010 mid 4.60E-04 D 878.2 
8 2010 mid 2.48E-03 E 1206.0 
8 2010 mid 1.37E-04 F 127.3 
8 2010 mid 1.68E-03 G 498.1 
9 2010 mid 3.77E-04 A 612.7 
9 2010 mid 5.36E-05 B 49.1 
9 2010 mid 2.89E-04 C 487.5 
9 2010 mid 4.46E-04 D 768.1 
9 2010 mid 2.05E-03 E 834.2 
9 2010 mid 1.36E-04 F 116.7 
9 2010 mid 1.37E-03 G 384.9 
10 2010 mid 3.22E-04 A 639.1 
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10 2010 mid 4.58E-04 D 834.1 
10 2010 mid 1.66E-03 E 792.4 
10 2010 mid 1.36E-04 F 131.2 
10 2010 mid 1.23E-03 G 340.0 
11 2010 mid 3.10E-04 A 242.7 
11 2010 mid 4.62E-05 B 22.6 
11 2010 mid 3.37E-04 C 335.3 
11 2010 mid 4.80E-04 D 492.5 
11 2010 mid 1.25E-03 E 492.7 
11 2010 mid 1.31E-04 F 77.2 
11 2010 mid 1.18E-03 G 273.2 
12 2010 mid 3.24E-04 A 48.9 
12 2010 mid 4.53E-05 B 5.4 
12 2010 mid 3.81E-04 C 108.0 
12 2010 mid 5.03E-04 D 165.6 
12 2010 mid 9.02E-04 E 125.8 
12 2010 mid 1.22E-04 F 28.4 
12 2010 mid 1.20E-03 G 157.5 
1 2011 mid 1.54E-03 A 78.0 
1 2011 mid 1.07E-04 B 5.4 
1 2011 mid 4.72E-04 C 51.5 
1 2011 mid 2.53E-03 D 305.9 
1 2011 mid 7.23E-03 E 364.0 
1 2011 mid 3.46E-04 F 37.0 
1 2011 mid 8.34E-03 G 454.7 
2 2011 mid 1.80E-03 A 32.6 
2 2011 mid 1.42E-04 B 1.9 
2 2011 mid 8.09E-04 C 31.6 
2 2011 mid 3.28E-03 D 125.8 
2 2011 mid 8.92E-03 E 149.8 
2 2011 mid 4.55E-04 F 11.2 
2 2011 mid 8.97E-03 G 131.2 
3 2011 mid 2.08E-03 A 55.0 
3 2011 mid 1.79E-04 B 5.0 
3 2011 mid 1.23E-03 C 60.9 
3 2011 mid 3.95E-03 D 200.0 
3 2011 mid 9.64E-03 E 238.4 
3 2011 mid 5.58E-04 F 20.8 
3 2011 mid 9.36E-03 G 135.6 
4 2011 mid 2.14E-03 A 131.5 
10 2010 mid 4.84E-05 B 51.0 
10 2010 mid 3.05E-04 C 523.8 
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4 2011 mid 1.90E-04 B 10.1 
4 2011 mid 1.38E-03 C 131.5 
 
4 2011 mid 3.88E-03 D 364.7 
4 2011 mid 7.90E-03 E 224.4 
4 2011 mid 5.57E-04 F 23.5 
4 2011 mid 8.87E-03 G 208.7 
5 2011 mid 1.79E-03 A 396.5 
5 2011 mid 1.59E-04 B 27.3 
5 2011 mid 1.08E-03 C 293.5 
5 2011 mid 3.08E-03 D 804.6 
5 2011 mid 5.18E-03 E 293.7 
5 2011 mid 4.58E-04 F 30.8 
5 2011 mid 7.38E-03 G 372.7 
6 2011 mid 1.25E-03 A 382.5 
6 2011 mid 1.10E-04 B 23.7 
6 2011 mid 7.04E-04 C 263.9 
6 2011 mid 2.23E-03 D 828.0 
6 2011 mid 3.28E-03 E 332.0 
6 2011 mid 3.55E-04 F 55.9 
6 2011 mid 5.56E-03 G 397.5 
7 2011 mid 8.06E-04 A 1240.2 
7 2011 mid 7.35E-05 B 64.6 
7 2011 mid 4.82E-04 C 839.7 
7 2011 mid 1.72E-03 D 2700.1 
7 2011 mid 2.30E-03 E 1101.3 
7 2011 mid 2.95E-04 F 339.0 
7 2011 mid 4.08E-03 G 780.6 
8 2011 mid 5.44E-04 A 1301.7 
8 2011 mid 5.38E-05 B 95.9 
8 2011 mid 3.94E-04 C 1190.1 
8 2011 mid 1.50E-03 D 4553.6 
8 2011 mid 1.81E-03 E 1065.6 
8 2011 mid 2.74E-04 F 332.0 
8 2011 mid 3.10E-03 G 1050.0 
9 2011 mid 4.08E-04 A 719.4 
9 2011 mid 4.45E-05 B 55.8 
9 2011 mid 3.79E-04 C 894.4 
9 2011 mid 1.46E-03 D 3215.4 
9 2011 mid 1.50E-03 E 620.5 
9 2011 mid 2.72E-04 F 263.7 
9 2011 mid 2.54E-03 G 665.3 
10 2011 mid 3.48E-04 A 580.4 
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10 2011 mid 4.03E-05 B 41.6 
10 2011 mid 4.00E-04 C 695.1 
 
10 2011 mid 1.50E-03 D 3071.3 
10 2011 mid 1.21E-03 E 575.7 
10 2011 mid 2.71E-04 F 277.9 
10 2011 mid 2.28E-03 G 632.0 
11 2011 mid 3.35E-04 A 288.4 
11 2011 mid 3.84E-05 B 18.1 
11 2011 mid 4.39E-04 C 375.6 
11 2011 mid 1.57E-03 D 1686.8 
11 2011 mid 9.15E-04 E 334.2 
11 2011 mid 2.61E-04 F 138.2 
11 2011 mid 2.20E-03 G 556.0 
12 2011 mid 3.49E-04 A 72.0 
12 2011 mid 3.75E-05 B 4.6 
12 2011 mid 4.89E-04 C 134.3 
12 2011 mid 1.64E-03 D 774.5 
12 2011 mid 6.61E-04 E 130.6 
12 2011 mid 2.43E-04 F 70.9 
12 2011 mid 2.22E-03 G 299.8 
1 2012 mid 3.40E-03 A 181.4 
1 2012 mid 5.96E-05 B 2.4 
1 2012 mid 6.60E-04 C 84.7 
1 2012 mid 3.93E-04 D 51.8 
1 2012 mid 5.25E-03 E 376.5 
1 2012 mid 2.38E-04 F 30.5 
1 2012 mid 2.82E-03 G 157.6 
2 2012 mid 3.95E-03 A 166.8 
2 2012 mid 7.80E-05 B 2.2 
2 2012 mid 1.13E-03 C 88.9 
2 2012 mid 5.07E-04 D 36.3 
2 2012 mid 6.45E-03 E 242.3 
2 2012 mid 3.12E-04 F 21.4 
2 2012 mid 3.01E-03 G 86.2 
3 2012 mid 4.53E-03 A 215.8 
3 2012 mid 9.71E-05 B 3.1 
3 2012 mid 1.73E-03 C 119.3 
3 2012 mid 6.07E-04 D 32.8 
3 2012 mid 6.96E-03 E 145.6 
3 2012 mid 3.81E-04 F 14.9 
3 2012 mid 3.12E-03 G 44.6 
4 2012 mid 4.64E-03 A 463.0 
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4 2012 mid 1.03E-04 B 6.7 
4 2012 mid 1.93E-03 C 303.5 
 
4 2012 mid 5.97E-04 D 68.0 
4 2012 mid 5.70E-03 E 210.3 
4 2012 mid 3.80E-04 F 24.4 
4 2012 mid 2.95E-03 G 85.2 
5 2012 mid 3.89E-03 A 787.4 
5 2012 mid 8.61E-05 B 11.8 
5 2012 mid 1.51E-03 C 438.3 
5 2012 mid 4.74E-04 D 135.9 
5 2012 mid 3.75E-03 E 432.6 
5 2012 mid 3.13E-04 F 36.6 
5 2012 mid 2.46E-03 G 212.4 
6 2012 mid 2.72E-03 A 1671.0 
6 2012 mid 6.04E-05 B 18.4 
6 2012 mid 9.85E-04 C 943.3 
6 2012 mid 3.45E-04 D 319.1 
6 2012 mid 2.39E-03 E 891.1 
6 2012 mid 2.43E-04 F 202.8 
6 2012 mid 1.87E-03 G 400.8 
7 2012 mid 1.78E-03 A 4291.1 
7 2012 mid 4.09E-05 B 72.6 
7 2012 mid 6.75E-04 C 2254.1 
7 2012 mid 2.67E-04 D 620.4 
7 2012 mid 1.68E-03 E 849.4 
7 2012 mid 2.03E-04 F 235.6 
7 2012 mid 1.38E-03 G 410.9 
8 2012 mid 1.21E-03 A 2752.4 
8 2012 mid 3.03E-05 B 55.9 
8 2012 mid 5.52E-04 C 1896.6 
8 2012 mid 2.34E-04 D 553.4 
8 2012 mid 1.32E-03 E 547.5 
8 2012 mid 1.88E-04 F 171.6 
8 2012 mid 1.05E-03 G 277.6 
9 2012 mid 9.06E-04 A 2496.4 
9 2012 mid 2.52E-05 B 36.0 
9 2012 mid 5.30E-04 C 1349.0 
9 2012 mid 2.27E-04 D 459.1 
9 2012 mid 1.09E-03 E 374.3 
9 2012 mid 1.87E-04 F 154.7 
9 2012 mid 8.64E-04 G 195.6 
10 2012 mid 7.74E-04 A 1503.3 
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10 2012 mid 2.29E-05 B 25.6 
10 2012 mid 5.61E-04 C 1371.0 
 
10 2012 mid 2.34E-04 D 414.9 
10 2012 mid 8.86E-04 E 375.2 
10 2012 mid 1.87E-04 F 192.4 
10 2012 mid 7.73E-04 G 186.1 
11 2012 mid 7.44E-04 A 713.2 
11 2012 mid 2.18E-05 B 15.5 
11 2012 mid 6.15E-04 C 897.6 
11 2012 mid 2.44E-04 D 314.0 
11 2012 mid 6.70E-04 E 318.5 
11 2012 mid 1.80E-04 F 137.9 
11 2012 mid 7.46E-04 G 201.7 
12 2012 mid 7.73E-04 A 202.8 
12 2012 mid 2.12E-05 B 4.0 
12 2012 mid 6.85E-04 C 256.4 
12 2012 mid 2.56E-04 D 115.4 
12 2012 mid 4.84E-04 E 108.2 
12 2012 mid 1.67E-04 F 59.7 
12 2012 mid 7.52E-04 G 120.9 
1 2013 mid 2.67E-03 A 171.9 
1 2013 mid 8.33E-05 B 5.3 
1 2013 mid 7.48E-04 C 93.6 
1 2013 mid 3.95E-04 D 50.5 
1 2013 mid 3.82E-03 E 265.4 
1 2013 mid 1.30E-04 F 17.6 
1 2013 mid 2.45E-03 G 151.9 
2 2013 mid 3.08E-03 A 95.1 
2 2013 mid 1.10E-04 B 3.0 
2 2013 mid 1.26E-03 C 76.5 
2 2013 mid 5.07E-04 D 21.9 
2 2013 mid 4.67E-03 E 144.0 
2 2013 mid 1.68E-04 F 8.6 
2 2013 mid 2.60E-03 G 48.0 
3 2013 mid 3.51E-03 A 157.2 
3 2013 mid 1.38E-04 B 5.3 
3 2013 mid 1.88E-03 C 130.8 
3 2013 mid 6.06E-04 D 39.1 
3 2013 mid 5.02E-03 E 150.1 
3 2013 mid 2.04E-04 F 10.3 
3 2013 mid 2.69E-03 G 43.0 
4 2013 mid 3.58E-03 A 363.9 
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4 2013 mid 1.46E-04 B 14.0 
4 2013 mid 2.09E-03 C 393.9 
 
4 2013 mid 5.95E-04 D 84.9 
4 2013 mid 4.12E-03 E 180.7 
4 2013 mid 2.04E-04 F 14.1 
4 2013 mid 2.54E-03 G 120.8 
5 2013 mid 3.01E-03 A 779.3 
5 2013 mid 1.22E-04 B 23.6 
5 2013 mid 1.66E-03 C 579.7 
5 2013 mid 4.74E-04 D 125.1 
5 2013 mid 2.71E-03 E 214.6 
5 2013 mid 1.68E-04 F 16.2 
5 2013 mid 2.12E-03 G 189.2 
6 2013 mid 2.12E-03 A 715.1 
6 2013 mid 8.53E-05 B 18.6 
6 2013 mid 1.10E-03 C 497.7 
6 2013 mid 3.47E-04 D 170.7 
6 2013 mid 1.73E-03 E 348.6 
6 2013 mid 1.32E-04 F 41.7 
6 2013 mid 1.62E-03 G 186.3 
7 2013 mid 1.39E-03 A 3176.0 
7 2013 mid 5.72E-05 B 85.9 
7 2013 mid 7.73E-04 C 2402.3 
7 2013 mid 2.69E-04 D 573.3 
7 2013 mid 1.22E-03 E 713.5 
7 2013 mid 1.11E-04 F 138.2 
7 2013 mid 1.20E-03 G 365.1 
8 2013 mid 9.50E-04 A 3545.7 
8 2013 mid 4.20E-05 B 110.4 
8 2013 mid 6.41E-04 C 2582.1 
8 2013 mid 2.37E-04 D 657.1 
8 2013 mid 9.62E-04 E 520.2 
8 2013 mid 1.03E-04 F 103.5 
8 2013 mid 9.19E-04 G 337.0 
9 2013 mid 7.15E-04 A 1637.2 
9 2013 mid 3.49E-05 B 54.3 
9 2013 mid 6.20E-04 C 1706.3 
9 2013 mid 2.30E-04 D 435.6 
9 2013 mid 7.99E-04 E 297.8 
9 2013 mid 1.02E-04 F 89.7 
9 2013 mid 7.57E-04 G 211.1 
10 2013 mid 6.11E-04 A 1523.9 
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10 2013 mid 3.16E-05 B 41.8 
10 2013 mid 6.56E-04 C 1571.6 
 
10 2013 mid 2.37E-04 D 470.3 
10 2013 mid 6.47E-04 E 293.1 
10 2013 mid 1.02E-04 F 98.4 
10 2013 mid 6.78E-04 G 202.2 
11 2013 mid 5.87E-04 A 549.5 
11 2013 mid 3.01E-05 B 13.6 
11 2013 mid 7.18E-04 C 738.2 
11 2013 mid 2.47E-04 D 233.3 
11 2013 mid 4.90E-04 E 155.1 
11 2013 mid 9.84E-05 F 52.4 
11 2013 mid 6.53E-04 G 125.3 
12 2013 mid 6.08E-04 A 143.6 
12 2013 mid 2.93E-05 B 4.3 
12 2013 mid 7.94E-04 C 348.6 
12 2013 mid 2.59E-04 D 121.3 
12 2013 mid 3.54E-04 E 75.1 
12 2013 mid 9.14E-05 F 28.2 
12 2013 mid 6.57E-04 G 91.4 
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APPENDIX D CHAPTER 5 SUPPLEMENTARY DATA 
Table D.1. Number of Atlantic cod (Gadus morhua) bycatch at age by year (1982-2016) 
(50th percentile bootstrap estimate).  
Year 
Age 
1 
Age 
2 
Age  
3 
Age 
4 
Age 
5 
Total number 
(1000’s) 
 
1982 0.00 85.06 71.92 12.08 0.00 169.06 
 
1983 0.00 26.64 29.23 0.00 2.94 58.81 
 
1984 0.00 25.43 27.74 0.00 0.00 53.17 
 
1985 0.00 47.93 0.00 3.12 0.00 51.05 
 
1986 0.00 13.82 22.12 2.30 0.00 38.24 
 
1987 0.00 19.77 39.51 0.00 0.00 59.28 
 
1988 0.00 6.63 83.12 5.58 0.00 95.33 
 
1989 0.00 6.27 54.93 10.46 0.00 71.66 
 
1990 0.00 9.32 46.41 0.00 0.00 55.73 
 
1991 0.00 0.01 7.92 12.71 1.60 22.23 
 
1992 0.00 20.14 0.00 0.00 1.34 21.48 
 
1993 0.00 14.31 9.54 0.00 0.00 23.85 
 
1994 0.00 12.74 40.04 3.77 0.00 56.55 
 
1995 0.00 0.00 41.73 0.00 0.00 41.73 
 
1996 0.00 4.72 14.53 7.97 3.63 30.84 
 
1997 0.00 7.11 10.67 0.00 5.33 23.11 
 
1998 0.00 17.33 2.54 0.00 0.00 19.87 
 
1999 0.00 26.27 17.79 0.00 0.00 44.06 
 
2000 0.00 31.09 16.43 10.89 0.00 58.41 
 
2001 0.00 9.29 26.41 8.44 0.00 44.14 
 
2002 0.00 0.00 106.34 12.64 0.00 118.97 
 
2003 4.02 0.00 0.00 24.11 0.00 28.13 
 
2004 0.00 0.00 53.43 0.00 0.00 53.43 
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2005 0.00 14.14 14.14 7.07 0.00 35.35 
 
2006 0.00 7.35 69.36 8.65 0.00 85.36 
 
2007 0.00 22.60 3.77 12.41 0.00 38.78 
 
2008 0.00 29.98 9.24 4.81 0.00 44.03 
 
2009 0.00 2.20 18.51 9.29 0.00 30.00 
 
2010 2.42 0.00 21.79 0.00 1.21 25.42 
 
2011 0.00 13.84 20.72 7.38 0.00 41.94 
 
2012 0.00 13.83 18.86 4.67 0.00 37.36 
 
2013 0.00 21.03 7.35 0.00 5.01 33.39 
 
2014 0.00 9.35 9.35 18.71 0.00 37.42 
 
2015 0.00 6.45 4.58 0.00 0.00 11.03 
 
2016 0.00 4.97 31.63 7.86 0.00 44.46 
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Table D.2. Maine American lobster (Homarus americanus) fishery projected Atlantic cod 
(Gadus morhua) discards for 1982-2016. Age frequency (Supp. Table 1) is multiplied by 
weight at age matrix from 2017 update assessment (NEFSC 2017) to generate catch mass (mt) 
by year. Numerical estimates of discards for years 2006-2016 were taken from Boenish and 
Chen, 2018 (Chapter 4). 
 Discard mass (mt)   
Year Age 1 Age 2 Age 3 Age 4 Age 5 
Total 
discards 
(1000's) 
Total 
mass (mt) 
1982 0.00 73.15 108.89 31.48 0.00 169.06 213.53 
1983 0.00 20.51 45.08 0.00 11.20 58.81 76.79 
1984 0.00 16.66 41.01 0.00 0.00 53.17 57.66 
1985 0.00 35.23 0.00 8.79 0.00 51.05 44.03 
1986 0.00 6.94 37.59 6.38 0.00 38.24 50.90 
1987 0.00 12.81 52.46 0.00 0.00 59.28 65.28 
1988 0.00 3.84 138.64 13.17 0.00 95.33 155.65 
1989 0.00 4.76 83.82 30.98 0.00 71.66 119.55 
1990 0.00 7.60 62.84 0.00 0.00 55.73 70.44 
1991 0.00 0.01 12.75 29.06 6.25 22.23 48.07 
1992 0.00 20.94 0.00 0.00 3.99 21.48 24.94 
1993 0.00 10.19 16.78 0.00 0.00 23.85 26.96 
1994 0.00 9.95 69.67 11.65 0.00 56.55 91.27 
1995 0.00 0.01 67.81 0.00 0.00 41.73 67.81 
1996 0.00 6.42 30.93 18.12 12.61 30.84 68.07 
1997 0.00 10.00 23.02 0.00 16.47 23.11 49.48 
1998 0.00 19.50 4.97 0.00 0.00 19.87 24.47 
1999 0.00 17.60 31.51 0.00 0.00 44.06 49.11 
2000 0.00 36.19 36.20 36.27 0.00 58.41 108.66 
2001 0.00 8.90 59.39 26.86 0.01 44.14 95.16 
2002 0.00 0.00 205.13 37.74 0.00 118.97 242.87 
2003 0.70 0.00 0.00 59.80 0.00 28.13 60.50 
2004 0.00 0.00 88.38 0.00 0.00 53.43 88.38 
2005 0.00 7.96 24.05 17.71 0.00 35.35 49.72 
2006 0.00 4.83 109.52 26.03 0.00 85.36 140.39 
2007 0.00 17.29 7.03 37.26 0.00 38.78 61.57 
2008 0.00 24.64 20.63 13.72 0.00 44.03 59.00 
2009 0.00 2.01 41.70 29.73 0.00 30.00 73.44 
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2010 0.63 0.00 45.10 0.00 4.90 25.42 50.63 
2011 0.00 11.37 45.42 21.84 0.00 41.94 78.62 
2012 0.00 13.98 38.21 12.52 0.00 37.36 64.71 
2013 0.00 20.38 14.32 0.00 15.77 33.39 50.47 
2014 0.00 12.18 17.07 44.34 0.00 37.42 73.59 
2015 0.00 4.04 7.48 0.00 0.00 11.03 11.52 
2016 0.00 2.94 46.56 22.61 0.00 44.46 72.11 
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Figure D.1. Estimated and projected Maine American lobster (Homarus americanus) fishery 
bycatch of Atlantic cod (Gadus morhua) by mass (mt) and number (1000’s) from 1982-2016. 
Green dot represents controversial 2013 Marine Stewardship Council estimate of bycatch that 
prompted this research. 
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Figure D.2. Changes in mean mass at age for Spring and Fall NMFS trawl survey indices (1982-
2016). Asterisks (*) denote time series with a significant (1 tailed t-test, p < 0.05) decrease in 
mass at age. Black lines represent labeled year, with grey lines representing years for context. 
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Figure D.3. Kobe plot for M=0.2 Base GoM Atlantic cod assessment model. For reference points 
Fmsy = 0.174 and SSBmsy = 40,604mt. Cuts in annual catch limits have largely failed to reduce F 
in all but the most recent two years, and over the past decade, average F/FMSY for the M=0.2 and 
M-RAMP models has been 6.16 and 5.13, respectively. 
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Figure D.4. Kobe plot for M=0.2 Base GoM Atlantic cod assessment model with 50th percentile 
lobster discards (100% discard mortality). For reference points Fmsy = 0.174 and SSBmsy = 
40,604mt. Cuts in annual catch limits have largely failed to reduce F in all but the most recent 
two years, and over the past decade, average F/FMSY for the M=0.2 and M-RAMP models has 
been 6.16 and 5.13, respectively. 
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Figure D.5. Kobe plot for M=0.2 Base GoM Atlantic cod assessment model. For reference points 
Fmsy = 0.177 and SSBmsy = 59,714 mt. Cuts in annual catch limits have largely failed to reduce F 
in all but the most recent two years, and over the past decade, average F/FMSY for the M=0.2 and 
M-RAMP models has been 6.16 and 5.13, respectively. 
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Figure D.6. Kobe plot for M=0.2 Base GoM Atlantic cod assessment model with 50th percentile 
lobster discards (100% discard mortality). For reference points Fmsy = 0.177 and SSBmsy = 59,714 
mt. Cuts in annual catch limits have largely failed to reduce F in all but the most recent two 
years, and over the past decade, average F/FMSY for the M=0.2 and M-RAMP models has been 
6.16 and 5.13, respectively. 
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APPENDIX E ASSESSMENT CONTROL FILES  
 
Files are located in attached CD and on the Digital Commons repository 
(https://digitalcommons.library.umaine.edu/). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 191 
 
BIOGRAPHY OF THE AUTHOR 
Robert Boenish was born in Auburn, Washington on September 15th, 1990, to Robert and 
Diane Boenish. He was raised in Clinton, Washington, attending and graduating from South 
Whidbey High School. During this time, he became (and remains) the undisputed top-ranked 
geoducker on Whidbey Island. He attended Western Washington University and Trinity College, 
Dublin. Robert graduated with a Bachelor’s of Science degree in Biology, Marine Emphasis and 
a minor in Mathematics from WWU in 2013. His undergraduate research focused on an 
epizootic sea star die-off in Puget Sound, Washington. He spent additional time serving on an 
ICES Expert Group panel on the Age-Determination of Atlantic Salmon. From the end of high 
school, he spent nine summers commercial salmon fishing in Bristol Bay, Alaska. This 
experience inspired his interest in working with fishermen and fishery population modelling.  
In 2014, Robert travelled to Maine to join Dr. Chen’s fishery population dynamics lab as 
a PhD student. As a graduate student, Robert served as co-head coach for the UMaine Men’s 
Rugby Club team, which was subsequently nationally ranked for the first-time school history, 
reaching 5th in 2016. Over his tenure in Orono, Robert has enjoyed hiking, fishing, and hunting 
throughout Maine. During his time at UMaine, Robert conducted various modelling and field 
experiments pursuing bycatch dynamics of Atlantic cod in the Maine lobster fishery. In 2017, 
Robert expanded his horizons, travelling to Bonaire, Netherland Antilles to study coral reefs with 
Dr. Robert Steneck. Robert is an active member in the American Fisheries Society and the 
American Institute for Fishery Research Biologists, and maintains membership in American 
Association for the Advancement of Science. To date, Robert’s publications have spanned global 
fisheries, reef ecology, and larval fish assemblages. Robert is a candidate for the Doctor of 
Philosophy degree in Marine Biology from the University of Maine in May 2018. 
